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PREFACE 


This  paper  constitutes  the  “Opening  Address”  delivered  by  the  author  during  the  AGARD 
Fluid  Dynamics  Panel  Symposium  on  "Laminar-Turbulent  Transition"  held  at  the  Technical 
University  of  Denmark,  Lyngby,  Denmark,  2 4 May  1977  (AGARD-CP-224). 

The  manuscript  was  not  ready  in  time  for  inclusion  in  the  AGARD  Conference 
Proceedings,  CP-224,  however,  in  view  of  its  importance  to  the  research  community,  the 
Fluid  Dynamics  Panel  chose  to  publish  it  as  a separate  AGARD  publication.  Consequently, 
the  author  was  able  to  include  in  the  present  report  an  up-to-date  view  of  the  phenomenon 
of  transition.  It  is  recommended  that  interested  readers  also  obtain  copies  of  AGARD- 
CP-224  and  the  Technical  Evaluation  Report  on  the  Symposium  on  “Laminar-Turbulent 
Transition”  by  the  present  author,  AGARD-AR-1 22. 
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INSTABILITY,  TRANSITION  TO  TURBULENCE  AND  PREDICTABILITY 


Mark  V.  Morkovin 
Illinois  Institute  of  Technology 
Chicago,  Illinois,  USA  60616 


Transition  is  described  and  analyzed  as  a system.  The  progress  in  our  understanding  of  the  various 
features  of  the  system  is  examined  and  illustrated.  This  includes  advances  in  the  long  confused  problems 
of  transition  in  channels  and  pipes.  The  role  of  linear  and  nonlinear  theory  and  of  microscopic  experi- 
mentation is  discussed. 

The  transition  system  is  recognized  as  inherently  nondeterministic  and  some  consequences  of  this 
fact  for  research  and  design  are  drawn.  The  interrelationship  between  researchers,  testers,  correlators, 
computer  predictors  and  designers  is  touched  upon.  Misunderstandings  have  been  expensive.  It  is  con- 
cluded that  need  exists  for  a more  realistic  philosophy  of  transition  research  and  of  transition- 
conditioned  design. 


INTRODUCTION 


la  Framework  of  Reference  for  Our  Task 

When  twenty  years  ago  I was  preparing  my  first  survey  paper  on  transition1,  it  became  clear  that  I 
could  not  convey  adequately  the  complexity  of  the  phenomena  unless  I borrowed  the  more  familiar  language 
of  electrical  systems:  hence  Fig.  1 (rearranged  into  the  present  form  in  my  later  reviews  ' ).  The 
details  in  the  Figure  deserve  careful  individual  consideration,  but  Figure  1 will  be  used  here  primarily 
as  an  overall  map  to  guide  us  with  respect  to  our  task  to  "review  the  progress  achieved  during  the  last 
ten  years  and  to  bring  to  light  the  still  unsolved  problems,"  as  set  for  us  by  the  Fluid  Dynamics  Panel 
under  THEME  AND  OBJECTIVES . ^ the  detailed  progrgss  (or  lack  of  it)  has  been  reviewed  rather 

recently  by  Reshotko  ,^Tani  ' ' (low  speeds),  Liepmann  , Morkovin  (high  speeds),  Sjijlichting  et  a!  . 
Loehrke-Morkovjg-Fe jer  (for  fre^streams  U;U0(l  ■+  As^nut)  2y'  Mack  and  Morkovinl  # Hirschel1  (swept 
wings),  Stuart  and  Stewartson  (nonlinear  theories),  Michalke  (free  shear  layers),  and  others.  I will 
therefore  assume  that  these  reviews  were  or  shortly  will  be  studied*  by  this  transition  research  communi- 
ty so  that  I can  be  free  to  focus  here  on  a smaller  set  of  observations  and  issues  related  to  the  state 
of  our  knowledge  and  its  usage. 

lb  Development  of  Attitudes  toward  Transition  Research 

14 

Ten  years  ago  Lester  Lees,  keynoting  a similar  transition  congregation  at  San  Bernardino,  in  the 
midst  of  gloomy  confusion  about  transition  in  high-speed  and  three-dimensional  flows,  opened  the  dis- 
cussion with  "I  think  it  might  be  appropriate  to  begin  with  a short  prayer."  He  called  for  "microscopic** 
experiments,"  especially  in  the  areas  of  confusion,  to  identify  the  disturbance  environment  and  the 
multiple  modes  of  instability  and  mechanisms  of  transition,  preferably  in  conjunction  with  linear 
stability  calculations.  A crystallized  list  of  critical  high-speed  transition  issues  and  practicable 
high-priority  research  directions  was  presented  ***  to  NASA's  Subcommittee  on  Fluid  Dynairucs  in  October 
1969  and  led  to  the  formation  of  the  U.S.  Transition  Study  Group  (USTSG) , still  chaired  by  Eli  Reshotko 
despite  organizationaj^metamorphoses . The  Group’s  initial  program  of  research  and  its  philosophy  was 
presented  by  Reshotko  in  1971  but  continues  to  be  relevant  to  our  task  here.  A first  crop  of  seven 
coordinated  papers  by  tljig  Group  was  published  in  the  March  1975  issue  of  the  AIAA  Journal  and  was  put  into 
perspective  by  Reshotko  at  the  1974  ICAS  Congress.  Similar  recognition  that  transition  had  best  be 
tackled  cooperatively  also  grew  in  Europe  in  the  early  seventies  and  ultimately  led  to  the  formation  of 
the  Workj^g  Party  on  Transition  in  Boundary  Layers  within  EuroVisc  and  to  an  outline  of  their  credo  by 
Hirschel  , most  pertinent  to  our  task  here.  And,  of  course,  the  Fluid  Dynamics  Panel  of  AGARD  has 
repeatedly  focused  on  stability  and  transition  questions  and  has  convened  us  here  for  another  sharing  of 
views  and  appraisal. 

lc  Reliability  of  Evidence 

In  the  latest  review1  Reshotko  not  only  traced  the  interaction  of  microscopic  experimentation  and 
linear  theory  that  did  in  fact  remove  some  of  the  confusion  which  prompted  Lees'  1967  sermon  in  Ref.  14, 
but  also  covered  major  developments  through  mid-1975  and  ended  with  "Directions  of  current  and  future 


* Minimal  start jgg  background  for  appreciation  of  the  complexities  of  transition:  Tani4'10,  Reshotko3, 
Morkovin  , Hirschel 

**  Term  incorrectly  attributed  to  me. 

***  The  report  was  published  in  1971  with  minor  modifications  as  Ref,  11.  The  four  groups  of  hiqh-speed 
problems  listed  on  pp.  16  and  17  therein  remain  essentially  unsolved,  although  I la,  clari fication  of  the 
role  and  limits  of  existing  linear  theory,  has  been  much  advanced  by  Mack  and  Kendall,  and  the  Quiet 
Tunnel  is  making  headway  under  Ivan  Beckwith's  leadership.  The  rest  can  therefore  be  part  of  the  Copen- 
hagen 1977  Open  Questions  List. 
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investigations,"  another  assist  for  the  task  before  us.  Unlike  any  other  contribution  to  the  Annual 
Rev  tews  series,  Reshotko's  incorj>orated  a set  of  challenging  USTSG  guidelines  for  research  in  Transition 
Testing  which  in  effect  emphasizes  the  special  multifaceted  and  hypersensitive  nature  of  our  subject. 
Because  the  fourth  guideline  relates  to  one  of  the  themes  of  the  present  paper: 

j : What  constitutes  sufficient  evidence  for  a result  to  be  considered  as  established?* , 

1 will  quote  it  in  full:  "4.  Tests  where  possible  should  involve  more  than  one  facility.  Tests  should 
have  ranges  of  overlapping  parameters,  and  where  possible,  experiments  should  have  redundancy  in  tran- 
sition measurements."  This  guideline  should  perhaps  be  extended  to  theoretical  research  as  well,  and  by 
a "facility"  we  could  equally  mean  a "theoretical  model  with  its  computer  program."  One  can  have  a good 
understanding  of  a theoretical  treatment  without  being  able  to  decide  which  paper  (say  on  non-parallel 
stability  theory)  is  most  trustworthy,  unless  there  is  a harmonious  overlap  of  computed  results,  or 
unless  the  sets  of  authors  are  willinq  to  subscribe  to  a consensus  position. 

Id  Funding  and  Philosophy  for  Transition  Research 

All  in  all,  it  would  seem  that  Copenhagen  1977  is  more  blessed  than  San  Bernardino  1967:  we  have 
a first  approximation  to  a system's  view  of  our  subject  in  Fig.  1,  we  have  a series  of  recent  reliable 
critical  reviews  of  various  subfields  of  the  subject,  and  part  of  our  task  has  been  accomplished  through 
thoughtful  lists  of  open  questions  established  through  discussion  among  researchers  who  recoqnize  the 
necessity  of  coordinated  and  cooperative  approach.  However,  what  has  been  increasingly  missing  under  the 
prevailing  economic  climate  is  sustained  funding  for  such  coordinated  research  and  for  facilities  which  are 
necessary  to  tackle  whatever  worthwhile  lists  of  research  targets  any  blue-ribbon  groups  may  pains- 
takingly work  out.  This  is  a serious  and  frustrating  matter.  Problems  unresolved  40  years  after  the 
availability  of  hot  wires  are  likely  to  yield  only  to  sustained  efforts  of  extra  qualified  minds  and  hands 
with  special  tools  and  facilities.  We  should  of  course  convey  our  relatively  harmonious  and  thus  hope- 
fully more  convincing  views  with  sufficient  emphasis  to  the  funding  powers  that  be.  But  in  face  of 
genuinely  limited  resources  we  should  perhaps  also  scrutinize  our  research  shopping  lists  for  priorities. 

Perhaps  we  should  also  examine  how  our  research  product  is  used  by  the  design  community.  Do  we  con- 
vey to  them  adequately  the  unavoidably  uncertain  quality  of  our  transition  knowledge  and  estimates?  Does 
the  designer  understand  well  enough  the  probabilistic  nature  of  the  information  given  him, to  include 
probabilities  in  the  assessment  of  the  risks  of  his  design?  Do  the  computer-armed  transition  predictors 
who  furnish  him  with  stacks  of  definitive  transition  variations  with  multiple  parameters  without  estimates 
of  possible  errors  really  help  the  desiqner  in  his  true  task?  A convnunal  philosophy  of  transition  research 
has  been  emerging  for  some  time,  viz.  the  USTSG  guidelines.  Shouldn't  we  also  pay  attention  to  the  philo- 
sophy of  transmission  of  the  transition  information  and  of  its  utilization?  This  might  help  with  the 
assessment  of  priorities  for  the  unsolved  problems  and  even  with  improving  the  climate  for  transition 
research  funding. 

2 SELECTED  OBSERVATIONS  ON  TRANSITION  SYSTEMS 

The  first  group  of  observations  simply  translates  into  words  selected  features  of  the  unstable  sys- 
tem portrayed  in  Fig.  1.  Here  the  boX  of  linear  amplification  refers  to  Tol lmien-Schl ichtinq  waves 
(generalized  for  compressibility  and  skewness),  or  Gftrtler  waves  (concave  boundary  layers),  or  unstable 
supersonic  higher  modes, yf  Mack  ' , or  instability  waves  in  three-dimensional  boundary  layers  (e.g.  on 

swept  wings,  see  Stuart*"  ),  all  growing  in  streamwise  direction  in  response  to  oncoming  non-uniform  three- 
dimensional  disturbance  configurations  of  vorticity,  sound,  and  entropy  patter ns(which  include  as  a subset 
streamwise  vorticity  wave  numbers  capable  of  feedinq  the  Gflrtler  mode,  see  Fig.  3 of  Rippes  and  Gflrtlcr*  ). 

2a  Forcing  and  Amplification  of  Eigenwave  Packets 

The  disturbance  environment  forces  transition  to  occur,  often  through  a long  process  of  concatenated 
development  stages. 

For  moderate  to  small  disturbances  the  responding  motions  at  "incompressible  speeds"  behave  as  a 
superposition  of  free  2D  and  3D  eigenmodes,  fully  internalized  past,  say.  Re  . Their  total  amplification 
in  the  linear  regime  is  likely  to  exceed  500  - 2000  (pp.  12-13  of  Ref.  I4*)  ancTmay  reach  10000  to  12000. 


2b  Nature  and  Specif icat ion  of  Forcing  Disturbances 

The  disturbance  environments  (the  Input  Box  in  Fiq.  1)  in  which  transition-dependent  designs  will 
operate  .ire  generally  unknown . 

Since  the  above  ampl i f ication  favors  selective ly  sm.il 1 Re-dependent  subregions  to  the  wave-number 
space,  proper  characterization  would  call  for  full  3D  spectra  of  all  three  types  of  disturbances  near  the 
excitable  location  of  the  shear  layer.  Vorticity  and  the  density-temperature  disturbances,  beinq  quasi- 
parabolic, are  describable  in  terms  of  classical  3D  Fourier  decomposition.  Acoustic  disturbances  in 
subsonic  facilities  need  to  bo  decomposed  into  progressive  duct  modes  and  streamwise  and  crossstream 
standing  waves;  see  discussion  on  pp.  536,  545,  and  S47  of  Loehrke  ot  al  . 

Even  for  careful  wind-tunnel  ex|>erimentation  requisite  measurements  tend  to  be  prohibitive 
(especially  when  one  recognizes  that  tunnel  disturbances  tend  to  change  even  during  a single  day). 

2c  Receptivity  and  Disturbance  Propagat ion  Speed 

Even  if  the  disturbance  environment  were  known,  the  manner  in  which  it  induces  the  internalized 
eigenwaves  which  propagate  .it  different  speeds  than  the  parent  disturbances  is  generally  not  known.  This 
receptivity  process  (arrows  connecting  the  Input  Box  to  the  Linear  Ampl i f ication  Box  in  Fig.  1)  probably 

• In  transition  work  there  is  a tendency  to  overbelieve  new  insights  which  often  turn  out  to  be  only 
partially  valid— see  Some  lessons  from  History,  pp,  4-7  from  Ref.  2. 


results  in  transfer  functions  which  attenuate  the  input  at  first;  see  pp.  6-6  of  Ref.  19.  The  only  con- 
ceptual models  of  the  receptivity  process  with  some  accord  with  experiments  thus  far  are  for  acoustic 
disturbances:  for  supeipjonic  boundary  layers  (Mack,  see  Reshotko)  and  for  low-speed  laminar  jets 

(Morkovm  and  Paranjape  ). 

The  receptivity  transfer  functions  are  in  principle  determinable  by  a combination  of  theory  and 
experiment.  Reshotko  reviewed  the  state  of  the  art  in  Ref.  3 and  Roqler  will  describe  the  latest  think- 
ing  tomorrow. 

-M  Noinun  versa  1 1 ty  of  U It  invite  Nonlinear  Breakdown 


In  the  nonlinear  staqes  the  ultimate  development  (left  bottom  of  Fig . 1)  is  unlikely  to  be  universal 
but  is  likely  to  depend  on  the  specific  disturbance-induced  spectral  mix  of  the  internalized  eigeamodes. 
(See  for  instance  tht^rapid  growth  of  oblique  components  in  the  wave  packets  of  Caster  and  Grant ^ and 
Miksad’s  description--  of  the  "sensitivity  of  (nonlinear)  wave  number  selection  to  initial  and  external 
conditions"  in  his  and  other  people's  experiments.)  There  may  be  topological  similarity  duo  to  the  con- 
straints of  mass  conservation  and  wall  boundary,  but  the  so conda ry  1 nstabi 1 1 1 ie s which  frequently  lead  to 
breakdown  of  laminarity  may  be  sensitive  to  finer  details  of  the  flow.  It  is  known  (e.q.  Tani  ) that  when 
Komoda  increased  the  three-dimensional  perturbation  qg  his  boundary  layer  the  pattern  of  breakdown 
diffeied  from  that  of  Klebanoff,  Tidstrom,  and  Sargent'5. 

Jo  Secondary  Instabilities 

The  transitions  which  arise  from  identifiable  linear  instabilities  seem  to  need  at  least  one 
secondary  instability  before  turbulence  sets  in.  Apparently  the  linearly  triggered  motions  first  build 
up  larger-scale  wave-eddy  entities  which  lead  to  periodic  thin  local  shear  layers.  The  generally  three- 
dimensional  smal ler-scale  wave-eddy  entities  resulting  from  the  secondary  instability  can  then  interact 
with  the  larger-SCale  structures  (which  may  also  be  interacting  among  themselves  as  in  the  mixing-layer 
fusion  processes)  to  provide  a basic  stage  in  the  turbulence  cascade.  It  is  possible  to  generate  tur- 
bulence at  lower  Reynolds  numbers  by  activating  the  nonlinear  three-dimensional  source  term  of  vorticity 
*5  • V V (5  = vorticity,  V = velocity  vectors),  but  the  production  and  dissipation  appear  then  to  go 
on  at  nearly  the  same  scales,  with  no  "room  for  honest  turbulent  cascades."  (A  quantitative  version  of 
this  surmise  would  use  arguments  similar  to  those  on  pages  159-160  of  Tennekes  and  Lumley  .) 

28 

The  secondary  instabilities  have  been  observed  boundary  layers  by  Klebanoff  et  al  (multiple 
spikes),  by  Kovasznay^t  al  , and  b^Hama  and  Nutant  “ (reproduced  as  Fig.  3 in  Ref.  7);  in  Ctfrtlor  ^ 
instability  by  Bippes  and  Wortmann  ,-  in  Kkman  layers  in  spinups  and  spin downs  by  Faller  and  Kaylor 
reproduced  as  Figs.  10  and  11  in  Ref.  7);  in  the  three-dimensional  skew  boundary  layer  on  a spinning 
ogive-cylinder  by  students  of  F.N^jj.  Brown  (reproduced  as  Fig.  17  of  Ref.  2);  and  in  mixing  layers  by 
Wt  lie's  associates,  e.g.  Freymuth  , and  others  elsewhere. 

In  his  presentation  at  the  1968  NATO  Symposium  on  Transition *7,  Michalke  pointed  out  that,  in  the 
mixing-layer  case,  turbulence  often  sots  in  rather  suddenly  in  the  stronqly  sheared  and  deformed  layers, 
as  two  vortices  rotate  around  each  other  in  the  fusion  mating  dance  (see  Fiq.  2),  but  the  conference 
report  labeled  all  free  shear-layer  transitions  as  inherently  "slow"  without  reference  to  dimensionless 
scaling.  Figure  2,  courtesy  of  Michalke  and  Freymuth,  shows  that  turbulence  can  appear  within  1-2  funda- 
mental wavelengths  after  the  secondary  instability  sets  in,  just  as  it  did  for  Klebanoff  et  al“H  in  a 
boundary  layer.  At  the  same  conference  Thorpe  demonstrated  the  secondary  fusion  instability  and  con- 
sequent genesis  of  turbulence  on  the  Kelvin-Helmholtz  interface  of  water  and  brine  (in  an  exceptional 
experiment  which  corresponds  more  closely  to  temporal  instability  theory  than  to  spatial  theory). 

Nothing  definite  is  known  about  secondary  instabilities  at  supersonic  speeds,  mostly  because  micro- 
scopic measurements  are  so  much  more  difficult  to  carry  out  and  to  interpret  Special  care  in  optical 
techniques  often  discloses  the  presence  of  grown  wave-eddy  entities  just  before  the  identifiable  break- 
down into  turbulence. 


Bypasses  are  those  roads  to  transition  which  cannot  be  identified  as  starting  from  a known  linear 
instability  (direct  connections  from  the  Tnput  Box  to  the  Secondary  Instability  or  the  Turbulent  Spot 
in  Fig.  1).  The  very  term  bypass  is  a reaf f irmat ion  of  the  fact  that  judiciously  utilized  linear 
theor ies — general tzed  Tollmien-Schlicht ing  (T-S)  waves,  Artier  theory,  etc. --provide  us  with  the  basic 
framework  within  which  som^^organization  of  our  multifarious  observations  can  be  rationally  effected 
(e.g.,  Reshotko's  analysis  of  contradictions  among  supersonic  facilit  es) . The  classical  baffling 
bypass  has  been  that  of  transition  in  a pipe,  first  observed  96  year ago  by  Osborne  Reynolds.  We  shall 
return  to  this  geometry  with  a current  interpretation  of  the  phenomenon.  Another  bypass,  as  little  under- 
stood in  detail  now  as  in  1^43  when  Charters  first  described  it,  is  the  phenomenon  of  transverse  or 
lateral  contamination.  We  still  cannot  rationally  predict  the  spreading  angle  of  the  turbulent  front 
(wedge),  nor  why  it  drops  to  roughly  a half  at  supersonic  speeds  . Transition  due  to  distributed  rough- 
ness remains  a bypass  even  though  our  observational  and  computat ional  tool s^re  probably  ready  for  another 
deeper  look.  Referring  to  the  ill-fated  1956-58  deigns  of  heat-sink  np:$es  of  reentry  vehicles  and  to 
experiments  backing  them  (e.g.,  Peterson  and  Horton  ),  Donaldson  wrote  * , " ...the  nature  of  transition 
on  blunt  bodies  at  very  high  Reynolds  numbers  has  been  a source  of  embarrassment  to  aeronautical  engineers. 
The  lack  of  respect  in  the  design  for  possible  bypasses  in  uncharted  regions  of  parameters  cost  tens  of 
millions  of  dollars  (or  more),  an  embarrassing  lesson  that  should  make  us  rather  sensitive  to  bypasses 
when  transition  risks  imply  risks  to  the  basic  mission  of  the  design.  (Capsule  reentry  on  return  from 
Mars  is  such  a design.)  The^phenomena  of  "temperature  reversal"  and  even  "rereversal"  at  supersonic 
speeds  (reviewed  by  Morkovin  , pp.  16  and  50-52)  represent  further  embarrassing  bypasses  which  involve 
higher  cooling  rates  and  possibly  relative  protrusion  of  roughness  into  the  boundary  layer. 


Knowledge  ot'  Vorticity  in  "Undisturbed**  Boundary  Layers 
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The  linear  amplification  rates  depend  rather  sensitively  upon  the  distribution  of  vorticity  in  the 
boundary  layer,  the  filter-amplifier.  Known  or  unsuspected#  any  one  of  the  f actors  listed  in  the  box  of 
Operation  Modifiers  on  the  right  of  Fig.  1 changes  the  vorticity  distribution  and  therefore  will  change 
the  growth  rates,  directly  or  indirectly,  over  a portion  of  the  disturbance  wave  packet  trajectory  or 
throughout . 

The  effects  of  changes  in  two  modifiers  are  generally  not  linearly  superposab le . 

Only  in  careful  microscopic  experiments  can  we  assess  the  actual  state  of  the  PL  amplifier,  which 
depends  on  velocity  derivatives--e.g.  A y a * as  well  as  on  U (y ) and  W(y). 

Reliable  computer  programs  yielding  the  moan  BL  properties  for  the  various  modifiers  are  a pre- 
requisite to  stability  analyses  and  adequate  conceptual  understanding  of  even  the  linear  stages  of  the 
instability  of  a specific  BL  of  interest. 

However,  it  is  a sobering  fact  of  life  that  only  in  the  simplest  cases  has  the  BL  vorticity  distri- 
bution been  predicted  adequately  when  compared  to  experiments.  Thus  we  seldom  know  well  enough  the 
characteristics  of  our  amplifier. 

Kmotionally  appealing  but  costly  flight  experiments  invariably  do  not  furnish  adequate  modifier  and 
and  BL  information  (not  to  speak  of  information  on  disturbance  environment),  and  the  inferred  transition 
locations  have  to  be  rationalized  through  disappointing  sets  of  suppositions,  yielding  little  definite 
knowledge — e .g . , the  X-15  airplane  and  the  Jaribu"  . The  "sufficient-evidence”  question  ^ fares  poorly 
m flight  tests  and  not  much  better  in  the  majority  of  ground  experiments  in  which  detail  probing  of  the 
boundary  layer  is  not  available. 

Any  practical  body  shape  will  have  a number  of  important  modifiers  acting  simultaneously,  making 
computer  calculations  of  the  boundary  layer  or  its  experimental  determination  more  difficult  (e.q., 

Jaribu  at  angle  of  attack  or  the  simplest  original  shuttle  shapes,  seen  in  profile  only,  in  Fig.  3) . 

2 h IV>minant  and  Multiple  Responsibility 

In  any  realization  of  a shear  layer  a significant  number  of  determining  factors  is  usually  present 
simultaneously  (Input  and  Modifier  Boxes  of  Fig.  1).  As  these  ingredients  vary  in  relative  strength,  the 
frequently  long  developmental  chain  leading  to  transition  will  vary,  and  so  will  Re  . Changes  in  the 
strength  of  any  two  members  of  the  Input  and/or  the  Modifier  Box  reveal  either  dominant  or  cooperat ive 
responsibility  for  the  transition  onset  (Fig.  1),  the  effect  of  the  changes  being  generally  nonlinear. 

Thus  even  for  the  relatively  simple  case  of  a mixing  layer  with  just  two  qh&nqes  in  the  Input  Box  alone, 
namely  variations  of  acoustic  excitation  at  frequencies  and  f,,  Miksad“  observes  both  dominance  with 
nonlinear  suppression  of  the  weaker  disturbance  as  well  as  varied  interactions  between  better  matched 
disturbances.  The  suppression  depends  on  both  the  amplitudes  and  amplification  rates.  In  the  cooperative 
case  "the  results  suggest  that  moan-flow  distortions  may  play  a primary  role  in  the  equilibration  process" 
and  that  there  is  a "finite  amplitude  triggered  instability  of  the  difference  (eigen)mode  (corresponding 
to)  f.-f 

The  mechanisms  of  interaction  between  changes  in  free-stream  turbulence  and  a temporary  distortion 
of  the  boundary  layer  profile  by  a small  two  dimensional  protuberance  (amplification  modifier  thiough 
vorticity  redistribution)  were  elucidated  for  us  by  Klebanoff  and  Tidstrom  in  an  important  microscopic 

experiment^. 

The  aforementioned  shuttle  shape  in  Fig.  3 causes  an  overexpansion  at  some  angles  of  attack  and  a 
resultant  local  minimum  in  the  shockwave  slope.  This  in  turn  generates  a local  velocity  overshoot--a 
narrow  jet  which  can  be  traced  as  the  whit^h  line  approaching  the  bottom  of  the  shuttle  in  the  shadow- 
graph of  Fig.  3.  Young,  Reda,  and  Roberge  documented  for  us  that  this  local  jet  is  rather  unstable 
(as  a doubly  inflected  free  shear  layer  should  be)  and  that  its  turbulence  contaminates  the  boundary 
layer  near  the  arrow  in  Fig.  3,  causing  a premature  transition.  A long  chain  of  modifier  interactions 
and  a multiple  responsibility  indeed.  Awareness  of  the  responsibility  principle  is  an  essential  diag- 
nostic tool  and  the  key  to  postponing  or  hastening  transition, whichever  may  be  desirable. 

2 i On  Unit  Reynolds  Number  Effects 

As  I have  discussed  on  pp.  23-25  of  Ref.  2 and  illustrated  on  pp.  H1-H8  of  Ref.  48,  when  in  flight 
or  experiment  one  changes  the  freestream  velocity  U.  or  the  dynamic  viscosity  \>  (through  density  and 
temperature)  for  a fixed  body,  one  obtains  a variable  Reynolds  number  of  transition,  Ro^  (U^,v).  This 
nonconstancy  is  a necessary  consequence  of  the  fact  that  not  all  the  determining  factors* in  Fig.  1 
( including  the  freestream  disturbances)  scale  uniformly  with  U.  and  1/v  . This  of  course  poses  a 

problem  for  the  designer  to  decide  which  Re^  value  would  correspond  to  the  "real  life  conditions." 

Usually  Re  is  plotted  against  the  dimensional  variable  U^/v>  in  loglog  coordinates,  a power  law  is 
fitted  to  the  discrete  points  and  used  for  extrapolation  to  the  real-life  unit  Reynolds  number.  This 
corresponds  to  an  act  of  faith  that  there  is  a unique  dependence  on  the  dimensional  unit  Reynolds  number 


When  for  sharp  bodies  at  hiqher  Mach  numbers  it  became  clear  that  leading  edge  thicknesses  as  small 
as  0.001  inch  (0.025  mm)  played  important  roles  as  a second  characteristic  length  and  spoiled  the  u 
dependence,  it  became  necessary  to  test  a number  of  leading-edge  thicknesses  and  extrapolate  to  zero 
thickness  to  save  the  power  function  and  faith.  When  we  review  the  determining  factors  in  the  Input  and 
Modifier  Boxes  in  Fig.  1,  wo  recognize  that  it  does  take  faith  to  expect  them  to  scale  in  the  same 
fashion  in  ground  facilities  and  in  flight,  since  at  least  the  freestream  disturbances,  roughness,  and 
the  wall  temperature  T (x)  are  subject  to  different  controlling  factors  of  their  own.  Of  course  it  is 
easy  to  criticize;  it  is  another  matter  to  offer  a constructive  suggestion  to  the  designer. 
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When  we  restrict  ourselves  to  comparisons  of  Re  information  between,  say,  supersonic  and  hyper- 
sonic windtunnels  for  which  the  determining  factors  or  Pig.  1 may  bear  closer  family  similarities,  the 
faith  might  be  more  justified  but  less  useful.  If  there  were  a single  factor  with  dominant  responsi- 
bility then  we  could  expect  orderly  variations  with  the  body  Re  and  with  the  Re  characterizing  the 
dominant  factor,  and  perhaps  then  also  orderly  variations  with  U^/y  . We  now  know  that  at  least  for 
3 < Mach ^ 8-9, the  freestream  disturbances  are  dominated  by  the  aeroacoustics  of  the  turbulent  sidewall 
boundary  payers  (without  counterparts  in  flight  or  ballistic  ranges).  The  correlations  of  Pate  and 

Schueler  , which  helped  to  establish  the  current  consensus,  are  in  effect  a reflection  of  this  restricted 

orderliness.  The  corollary  to  this  aeroacoustic  dominance  is  unfortunately  that  even  less  faith  can  be 
placed  in  extrapolating  from  windtunnel  data  to  design  flight.  Hence  the  need  for  the  Quiet  Tunnel  that 
we  shall  hear  about  later  from  Beckwith,  who  w^gh  his  colleagues  at  NASA  Langley  Research  Center  undertook 
this  important  but  risky  and  courageous  effort 

2 j On  Sufficient  Evidence  in  Macroscopic  Measurements 

Most  measurements  of  Re  are  macroscopic,  made  by  a variety  of  techniques  with  their  distinct  sensi- 
tivities which  introduce  further  discrepancies — e.g..  Potter  and  Whitfield^  . This  and  the  unit  Re 
effects  (plural!)  hardly  make  macroscopic  measurements  of  Re  sufficient  evidence  for  design  information, 
let  alone  for  conclusions  about  instability  mechanisms  causing  the  transition,  even  when  the  instruments 
are  in  the  most  skillful  hands.  A case  in  point  was  the  pre-1974  disagreement  between  two  NASA  Mach  7.5 

tunnels,  one  yielding  an  exponent  in  the  U^/v  approximately  four  times  that  in  the  other.  With  the 

encouragement  of  USTSG  under  Guideline  No.  4, cited  in  Section  lc,  the  Langley  and  Ames  researchers  got 
together,  bringing^their  own  techniques  and  tools  with  them,  and  after  great  effort  reconciled  the  new 
Re  observations  which  differ  from  the  earlier  ones.  Free-stream  disturbances  measured  with  hot  wires 
ana  pressure  sensitive  gauges  turned  out  not  to  be  as  similar  as  was  generally  assumed.  Careful  atten- 
tion to  the  sensitivity  of  the  transition  detection  gauges  and  to  consistent  identification  of  "onset," 
"peak,"  and  "end"  of  transition  also  contributed  to  the  reconciliation.  This  special  effort  removed 
some  conceptual  difficulties  and  underscored  the  need  for  extra  care  in  macroscopic  measurements  in  the 
inclement  supers<j}rjic  environment.  For  deeper  understanding  one^as  to  turn  to  the  microscopic  measure- 
ments of  Kendall  and  linear  theories  and  computations  of  Mack  , who  cooperatively  brought  much  light  to 
the  supersonic  scene. 

If  the  variation  Re  (U^/g  ^ for  sharP  cones  were  due  solely  to  the  Re-conditioned  sound  generation 
from  the  turbulent  sidewall  layers,  one  would  expect  no  such  variation  in  ballistic  range  experiments 
where  the  air  disturbances  are  minimal.  Alas,  range  experiments  with  slender  cones  disclose  a strong  Re 
variation  (with  an  exponent  higher  than  in  wind  tunnels!),  a fact  which  limits  the  utility  of  transition** 
information  from  ranges.  In  a series  of  determinations  culminating  with  Ref.  56,  J.L.  Potter  has  sys- 
tematically eliminated  or  substantially  modified  the  various  suspected  causes  without  significant  changes 
in  the  variation  with  U./v  . Therefore  at  present  there  is  no  explanation,  not  even  a plausible  sug- 
gestion as  to  which  of  th£  interacting  determinants  of  transition  in  Fig.  1 could  be  responsible  for  the 
observed  effects.  This  conceptual  impasse  is  sobering,  especially  since  Potter  had  the  benefit  of  con- 
structive criticism  and  help  of  USTSG  and  of  specially  designed  experiments  by  Kendall,  who  provided 
Potter  wiglj  data  on  the  sensitivity  of  slender-cone  transition  to  small  angles  of  attack  and  to  tip 
vibration  . The  impasse  lays  bare  once  again  the  limitations  of  our  ability  to  understand  deeply  enough 
supersonic  transition  in  environments  where  microscopic  experimentation  is  not  available. 

3 AN  UNCERTAINTY  RESIDUE  IN  TRANSITION  OBSERVATION  AND  KNOWLEDGE 

3a  Features  Which  Will  Not  Be  Known 

The  preceding  chapter  analyzed  and  illustrated  those  features  of  the  transition  system  which  are  most 
relevant  to  our  task.  Their  character  and  some  of  their  implications  for  transition  prediction  are  sum- 
marized in  Table  I.  Even  if  we  could  improve  our  tools  and  knowledge  by  orders  of  magnitude , feature  A 
alone  would  still  make  the  system  nondeterministic  on  the  basis  of  our  information.  However,  in  any 
practical  situation  feature  E also  entails  operating  with  severe  uncertainties.  Among  the  parameters  D 
are  included  the  inadvertent  modifiers  generated  by  steady  or  quasisteady  departures  from  ideal  geometry 
of  flow  and  body,  which  invariably  arise  in  research  or  prototype  environments  (waviness,  roughness,  low 
frequency  vibrations,  leading-edge  nonuni formigjj, g^naccounted  for  wall-temperature  nonuniformities,  dead 
bugs  impacted  in  take  off  and  low-level  flight  ' , etc.).  By  their  nature  many  of  these  modifiers  of 

consequence  will  remain  unknown  even  in  rather  controlled  research  environments  with  frequent  inspection 
and  recalibration.  As  an  illustrative  lesson,  we  need  only  to  recall  the  vexing  effects  of  category  ^ 
type  of  spanwise  nonun iformi ties  in  the  historic  Bureau  of  Standards  wind  tunnel;  see  Klebanoff  et  al  ' . 
We  may  improve  our  understanding  of  the  interactions  between  parameters  associated  with  D (essentially 
the  Box  of  Modifiers  in  Fig  1),  but  the  presence  of  the  inadvertent  imperfections  and  their  amplitudes 
will  generally  remain  unknown.  We  may  also  hope  to  improve  our  knowledge  of  C and  F,  more  conceptually 
than  quantitatively.  But  from  our  base  of  information  the  transition  processes  will  remain  nondeter- 
ministic. 

3b  The  Residue 

As  engineers  and  students  of  continua  we  seldom  think  nondeterministically , even  in  turbulence 
problems.  I have  therefore  chosen  the  provocative  description  of  uncertainty  principle  for  transition  to 
emphasize  the  notion  , but  the  allusion  misrepresents  the  basis  for  the  uncertainty. 

The  observation  only  recognizes  the  preceding  evidence  and  states  that  in  a given  situation  we  shall 
never  know  enough  about  the  conditions  and  factors  determining  transition  and  that  a basic  uncertainty 
margin  will  remain  for  transition  predictabil ity . We  can  strive  and  hopefully  will  be  successful  in  under- 
standing conceptually  the  workings  of  the  transition  system,  but  we  shall  remain  unable  to  transform  such 
understanding  into  accurate  quantitative  predictions. 
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Ic  Unce rtdinty  B rackets  and  Absence  of  a Probabi  1 i ty  F ramewv  rfc 

Whenever  we  can  affirm  that  no  bypasses  will  operate  we  should  lx*  able  to  place  quant  1 tat  i ve 
brackets  on  the  expected  range  of  Re  ^ . Hopefully,  these  brackets  will  narrow  with  further  progress  in 
our  conceptual  understanding.  However,  observation  X in  Table  l emphasizes  that  we  do  not  have  a probabi- 
listic basis  for  the  influence  of  the  parameters  in  our  transition  system,  nothing  remotely  comparable  to 
the  situation  in  problems  of  fatigue  failure  of  materials.  We  simply  have  no  ground  on  which  to  theorize 
about  first-excursion  probabilities  past  a patametnc  boundary  for  turbulence  onset.  Therefore  the 
above  estimation  of  brackets  will  retain  a strong  ,-xper lent ial  and  subjective  element  even  if  it  is  done 
on  a computer  and  quoted  to  six  significant  figures  (assumptions,  choice  of  detail  features  of  modeling, 
etc. ) . 

M Prediction  Subject l vi  ty 

Because  of  this  subjectivity  the  assessment  of  the  btackets  can  best  lx*  done  in  conjunction  with  the 
user  of  the  specific  estimates,  the  designei . It  is  he  who  must  judge  the  consequences  of  the  estimates 
m performance  and  economic  risks  of  the  given  design.  Unless  he  is  fully  aware  of  the  nature  of  the 
"predictions"  prepared  for  him,  serious  misiudgments  can  take  place.  Of  course,  the  predictor  can  and 
should  examine  the  elements  of  subjectivity  which  crept  into  his  own  product.  A sample  test  would  be: 
"Would  l recommend  the  same  Re^  brackets  if  I had  the  sole  resjonsibi  li ty  for  the  decision  which  could 
result  iti  a loss  of  one  million  dollars?  hundred  million  dollars?  one  life?  hundred  lives?"  Unfor- 
tunately predictors  seldom  give  Re^  brackets  or  even  perform  ordinary  sensitivity  analyses  of  their 
predictive  programs.  And  the  philosophy  of  decision  making  for  transition-sensitive  designs  has  not  been 
discussed.  This  is  not  the  forum  to  examine  organizat ional  issues,  but  one  can  perhaps  suggest  that  the 
groups  interested  in  various  phases  of  transition  (listed  on  the  right  of  Table  1)  try  to  allow  for  the 
system  view  of  transition  and  appreciate  each  other's  problems  and  roles.  Communicat ion  would  help. 


pass  Problem 


The  preceding  discussion  stipulated  the  absence  of  bypasses  in  the  given  system,  but  how  can  we  be 
sure  that  a f lasco  like  the  heat-sink  nose  design  will  not  be  repeated  in  a design  case  involving  pre- 
viously uncharted  regions  of  our  parameter  phase  space?  We  can  not  be  sure,  but  we  cat:  be  forewarned. 

We  should  be  on  the  lookout  for  bypasses  and  endeavor  to  clarify  the  mechanisms  of  those  we  know  exist. 

In  the  next  chapter  the  clarification  and  partial  removal  of  the  pipe-transition  bypass  can  perhaps  show 
that  there  is  a way  if  the  right  research  questions  are  asked.  Furthermore,  in  tests  of  the  "first- 
time" designs, known  disturbances  can  be  introduced  deliberately  to  assay  the  sensitivity  of  the  system  tv' 
possible  departures  from  ideal  condit ions — i .e. , apply  the  "spoiler"  technique  (Ref.  2,  see  Index  therein). 


Some  Consequences  of  the  Uncertainty  Resi du e_  for  Research  — \ ersonal  Opinion 


observation  Y in  Table  I stresses  that  in  view  of  the  uncertainties,  experimental  and  theoretical 
research  which  is  aimed  at  concepts  and  mechanisms  has  a special  role  to  play  with  respect  to  design.  It 
must  provide  the  conceptual  and  experiential  framework  within  which  the  more  rational  judgments  art*  made. 
On  the  other  hand,  the  existence  of  the  uncertainties  makes  some  research  questions  previously  asked 
rather  academic,  it  not  wasteful.  For  instance,  we  do  not  have  unlimited  funds  to  pursue  elaborate 
computations  which  do  not  hold  real  promise  of  answering  basic  conceptual  questions;  just  to  see  what 
happens,  to  display  elaborate  vortex  formations,  especially  in  a movie  form,  is  not  enough.  One  can  be 
seduced  by  such  impressive  displays  to  endow  them  with  an  unjustified  sense  of  reality.  It  would 
probably  be  just  as  impressive  if  a term  in  an  equation  had  a wrong  sum.  The  point  is  that  unless  such 
computer  solutions  are  integrated  with  analytical  concepts  and  microscopic  experimental  i n forma t ion  they 
remain  merely  pretty  playthings.  Numerical  experiments  need  as  much  focus  and  foresight  to  extract  the 
more  universal  and  meanjiljg^l  ^ii^ors  and  futures  from  the  avalanche  of  available  ’Mata"  as  do  classical 
microscopic  experiments  ’ ' . Miksad*  extracted  four  consistent  Landau  constants  for  a two-mode 

nonlinear  equilibration  process  from  his  hot  wire  measurements  in  unstable  mixinq  layer,  thus  support- 
ing at  least  a local  validity  of  Stuart's  weakly  nonlinear  theory  for  that  flow  (where  Reynolds  number 

is  growing!).  Why  should  not  numerical  experiments  be  able  to  do  at  least  as  well? 

In  his  recent  review  of  nonlinear  theories  Stewart  son”"1  states  that  the  Landau-Stuart  theory 
(which  led  among  other  results  to  the  concepts  of  threshold  amplitude,  subcritical  instability,  and  super- 
critical equi 1 ibr ium)  "can  justly  be  regarded  as  the  most  important  theoretical  advance  in  the  subject 
since  the  discovery  of  the  Tol lmien-Schl icht inq  wavr^."  We  shall  indeed  find  these  concepts  useful  when 
we  discuss  the  telling  experiments  of  Nishioka  et  al  ‘ in  two  dimensional  channel  flow,  but  wo  shall  also 
find  that  three  dimensionality  is  nigh  unavoidable  in  real  life  f lows . Some  analysts  also  scorn  tv->  expect 
that  the  weakly  nonlinear  primary  instability  theory  (which  allows  only  small  amplifications  because  of 
power  expansions  in  the  vicinity  of  the  neutral  curve)  can  describe  phenomena  well  beyond  its  likely 
reach,  such  as  the  beginning  of  the  breakdown  to  turbulence.  Convergence  problems  (which  trouble  mv'st 
nonlinear  theories)  and  evidence  of  secondary  instabilities  in  the  shear  flows  which  have  been  ptv'bed 
in  sufficient  detail  (section  Je)  makes  this  approach  rather  unrealistic.  (See  also  sect  ion  4vj . ' 


Research  is  a matter  of  personal  values  and  taste.  But  when  one  asks  that  one's  research  be  funded 
it  bet  v'mes  a matter  of  public  values  as  well.  We  can  perhaps  ask  that  in  stability  and  transition 
research  the  expected  product  aim  at  the  numerous  gaps  in  our  concepts  and  understanding  in  Fig.  1.  The 
worthwhile  problems  are  hard,  and  tins  brings  us  back  to  coordinated  research  efforts  discussed  in 
section  Id  and  to  the  questions  asked  therein.  In  establishing  one’s  research  priorities  and  influencing 
those  of  others,  one  must  of  course  exercise  care  that  jvtentially  promising,  but  not  necessarily  populat  , 
ideas  should  not  be  squelched. 
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4 PLANE  POISEUILLE  FLOW  NO  LONGER  A BYPASS 
4a  Theore tical  Disagreement 

For  about  fifty  years,  the  inability  of  experimenters  to  keep  two  dimensional  channel  flows  free 
from  turbulence  at  relatively  low  Reynolds  numbers  Re, (u  • half  width/y  )#  when  the  parabolic  flows  are 
supposed  to  be  stable  accordinq  to  linear  theory  (Re  , critical  Re,  is  5772  for  an  infinite  aspect 

ratio) stimulated  many  sophisticated  attempts  £t  explanation  of  this  bypass.  Thus  McLaughlin  and 
Martin  wr i te : "Channel  flow,  coaxial  pipe  flow... are  examples  of  inverted  bifurcation"  and,  accord- 
ing to  them,  as  the  neutral  point  is  approached  "the  system  immediately  spirals  out  and  enters  a strongly 
nonperiodic  orbit",  which  "maps  out  an  invariant  sur^ce  in  the  phase  space  of  the  system... an  example  of 
a strange  attractor".  According  to  Chen  and  Joseph  : "Disturbances  which  escape  the  domain  of 
attraction  of  the  steady  solution  snap  through  the  unstable  bifurcating  solution  and  are  attracted  to 
(possibly  'turbulent')  solutions  with  larger  amplitudes",  and:  "The  discontinuous  transitions  which  are 
implied  by  the  snap- through  instability  are  in  excellent  agreement  with  experimental  observations".  Direct- 
ly or  indirectly  these  authors  are  taking  issue  with  the  Landau  vi-w  of  transition  to  turbulence  as  a suc- 
cession of  instabilities  at  increasing  frequencies  as  the  parameter  of  the  system  increases;  see  Joseph^ 
for  details.  Landau  postulated  that  the  essential  features  of  the  evolution  of  the  amplitude  A of  each 
instability  would  be  given  by  *^A^/^t  = k^A3  + k2A4  . Stuart  developed  a formal  expansion  scheme  (valid 
sufficiently  close  to  the  conditions  of  zero  amplif ication  rate  of  linearized  theory)  which  specialized  to 
the  Landau  equation  when  truncated  at  A4  and  which  was  lauded  by  Stewartson^6 (section  3 f ) . This  approach 
was  f irs£?applied  to  channel  flow  by  Stuart64  and  Watson65.  In  1967,  Reynolds  and  Potter66  and  Pekeris  and 
Shkoller  independently  computed  the  equivalent  of  k2.  The  results  indicate  subcritical  threshold  instabi- 
lity and  supercritical  stabilization.  The  question  remains  into  what  state  will  the  flow  develop  once  the 
subcritical  threshold  is  transgressed , and  could  that  state  evolve  into  the  supercritical  equilibria.  Recent 
numerical  experimentation  with  "drastically  truncated"  set  of  equations  by  Zahn  et  al86  suggest  that  the 
threshold  instabilities  lead  to  "upper  branch"  equilibrium  states  which  are  contiguous  with  the  above  super- 
critical Landau-like  equilibria.  For  others,  inverted  bifurcation  implies  that  the  states  must  be  turbulent. 
All  authors  assume  perfectly  two-dimensional  base  flow. 

4b  Experimental  Difficulties 

The  1974  experiments  of  Karnitz  et  al6^  (with  freestream  disturbance  u^J- 0 . 3 % at  the  entrance  to 
the  channel  pushed  the  laminar  regime  up  to  0.87  Re  , higher  than  in  any  of  tne  previous  tests,  but  still 
with  no  trace  of  Stuart- type  features.  This,  of  course,  is  a bypass  par  excellence.  At  comparable  free- 
stream disturbances,  the  transition  Reynolds  ^jimber  on  a flat  plate  exceeds  its  Re  by  at  least  60%  and 
hot  wire  traces  and  spectra  show  T-S  presence  and  presumably  "cooperation  in  the  instabili|^" . However, 
freestream  disturbances  in  wind  tunnels  had  been  reduced  to  0.02%  by  Schubauer  and  Skramstad3  by  1942 
and  have  been  bettered  since. 

Freestream  disturbances  in  tightly  confined  flows  may  be  harder  to  tame:  feedback  through  pressure 
fluctuations  (pseudosound  as  well  as  sound)  is  enhanced,  and  instantaneous  changes  in  velocity  profiles 
cause  changes  in  mass  flux  (unless  that  is  closely  controlled,  say  by  a sonic  throat,  as  is  desirable) 
which  are  coupled  with  the  overall  pressure  drop.  Accessibility  of  probes  and  their  interference  with  the 
flow  (also  enhanced)  present  special  problems.  However,  IIT  experience,  visualization  , and  3D  probing 
evidence  by  others  lead  me  to  believe  that  another  major  suspect  is  found  in  base-flow  three  dimensionality, 
the  inadvertent  modifier  of  type  D (section  3a) . Because  of  the  tight  confinement  the  walls  have  to  be 
exceptionally  flat,  and  careful  attention  must  be  paid  in  design  to  the  lurking  secondary  flows. 

4c  The  New  Experiment 

The  confused  state  of  ^now  ledge  on  such  a fundamental  flow  called  for  an  all-out  effort,  and  recently 
Nishioka,  Iida  and  Ichikawa  succeeded  in  bringing  down  the  background  turbulence  to  0.01%  (with  some 
0.049%  u'/U.  due  to  fan  noise  at  715  Hz,  a frequency  too  high  to  influence  stability)  in  a 6 meter  long, 

40  cm  x 1.4b  cm  channel.  Furthermore,  as  in  the  thought  experiment  mentioned  in  section  3a,  they  provided 
for  controlled  monochromatic  excitation  by  placing  a vibrating  ribbon  at  x=400  cm,  definitely  downstream 
of  the  formation  of  the  fully  developed  flow  (at  x — 200  cm  for  Re  of  7500).  Unlike  their  predecessors 
tney  also  provided  for  spanwise  traversing,  which  did  disclose  some  three  dimensional  development  ^.gt  the 
higher  Re  values  (gradual,  from  about  3500)  as  in  the  plate  experiments  of  Klebanoff  and  Tidstrom  . They 
acknowledge  that  this  is  likely  to  have  some  influence  on  the  stability  characteristics,  an  effect  which 
they  are  currently  studying. 

4d  Three  Dimensionality  and  Comparison  with  Theory 

It  should  be  remarked  that  a similar  departure  from  two  dimensionality  was  present  in  all  the  experi- 
ments on  flat  plates  where  it  was  checked  and  that  these  experiments  were  used  without  any  misgivings  for 
comparison  with  theoretical  2D  results.  Schubauer  and  Skramstad  explicitly  caution  in  1943:  "The 
presence  of  the  w-component  (spanwise)  thus  indicates  that  the  oscillations  were  three-dimensional"  and 
"...how  this  should  affect  the  agreement  with  theory  is  not  known".  Liepmann  observed  in  1943  that 
w'-^  2v'  toward  the  end  of  his  linear  regime  (Fig.  8 of  Ref.  69) , and  the  researchers  at  the  Bureau  of 
Standards  finally  concluded  that  three  dimensionality  was  unavoidable,  nay  natural.  They  decided  to  intro- 
duce their  own  controlled  three  dimensionality  and  thus  did  set  the  stage  for  the  capture  of  t^e  3D 
breakdown  module  with  its  ''spikes"  and  "hairpin  eddies"  just  before  the  formation  of  the  Emmons  tur- 
bulent2gpot,  and  verified  that  the  pattern  under  "natural"  conditions  matched  well  the  controlled 
module 


These  insufficiently  appreciated  historical  facts  are  most  relevant  to  any  comparison  of  theory 
and  the  Nishioka  et  al  experiment.  On  the  basis  of  the  Bureau  of  Standards  experience  one  should  anti- 
cipate that  the  three  dimensionality  would  spoil  the  balance  for  the  supercritical  equilibrium  but  that 
finite  disturbances  could  damp  out  below  some  threshold  level  if  the  Stuart  theoretical  model  is 
appropriate  for  the  idealized  two  dimensional  flow.  Whether  the  three  dimensionality  would  make  the 
proofs  of  the  existence  of  an  inverted  bifurcation  inoperable  is  not  clear. 
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Three-dimensionality  is  of  course  unavoidable  in  the  comers  of  the  finite-width  channel.  Chen 
and  Sparrow  showed  that  the  1 ieal  2D  developing  flow  is  more  stable  than  the  fully  developed  flow 
(opposite  to  the  situation  in  ax 1 symmetric  Poiseuille  flow).  Although  no  theoretical  information  is 
available  for  the  flow  in  a channel  corner,  this  is  likely  to  be  the  least  stable  location,  especially 
because  of  the  difficulties  in  suppressing  the  category  D secondary  flows  associated  with  the  facility 
inlet  or  bends  and  the  contraction  from  the  settling  chamber  . Those  flows  in  which  the  disturbances 
would  amplify  and  become  turbulent  first  in  the  corner  (see  discussion  and  references ^ of  Hojol  ) 
would  almost  surely  contaminate  laterally  the  rest  of  the  channel  Ly  Charters  bypass  and  could  there- 
fore not  be  compared  to  any  of  the  theoretical  results. 

The  curious  reader  is  invited  to  diagnose  which  of  the  determining  parameters  caused  the  veryg^ow 
critical  and  transitional  Reynolds  numbers  in  the  1 by  8,2.54  cm  x 20.  32  cm , channe 1 of  Kao  ai  1 Park 
Kao  and  Park,  working  with  water,  were  the  only  other  researchers  to  introduce  controlled  disturbances 
through  an  externally  supported  (and  therefore  interfering)  "wave  maker".  They  judged  their  experi- 
mental neutral  Re  to  be  2600  (based  on  average  velocity  and  the  hydraulic  diameter)  which  corresponds  to 
2925  based  on  maximum  velocity  and  half  depth.  Kao  and  Park  observed  T-S  waves,  often  highly  distorted, 
and  three  dimensional  effects. 

4e  Temporal  versus  Spatial  Instability  in  Poiseuille  Flow 

For  two  dimensional  fluctuations  in  Poiseuille  flow,  the  insistence  on  thinking  purely  in  terms  of 
temporal  instability  concepts  is  questionable.  In  the  real  world  the  disturbances  do  not  suddenly 
appear  all  along  the  x axis,  at  time  t=0.  The  vortical  disturbance  mode  is  fed  through  the  oncoming 
stream  to  the  developing  boundary  layer  and  ultimately  to  the  fully  developed  flow.  The  pressure  mode 
(also  dangerous  if  its  spectrum  covers  the  T-S  frequencies)  enters  both  ends  of  the  channel  (see  the 
difference  in  the  Spangler-We 1 Is  transition  due  to  downstream  sonic  choking). 

When  the  ribbon  is  oscillating,  the  dominant  disturbance  some  distance  downstream  of  the  ribbon 
would  appear  as  A(y)  S(x  - 400) sin  *o  t,  (where  £ represents  the  Dirac  functiorj.  Mathematically,  then,  the 
disturbance  is  introduced  all  along^he  t axis  at  a fixed  x corresponding  to  the  classical  conditions  for 
spatial  stability  analysis.  Watson  recognized  that  Gaster's  spatial  stability  approach  provided 
"a  ^t^er  model"  for  Poiseuille  flow  and  reformulated  the  weakly  nonlinear  theory  from  this  point  of  view, 
rtoh  ' , in  apparent  cooperation  with  Nishioka,  also  developed  a spatial  theory  and  extended  it  to  the 

computation  of  the  threshold  amplitude  (u')  as  function  of  driving  frequency  for  several  subcntical  and 
supercritical  Re  values.  Again,  it  is  unclear  whether  the  proofs  of  the  existence  of  inverted  bifurca- 
tion are  essentially  dependent  upon  the  assumptions  of  the  temporal  approach. 

4f  The  New  Results 

5o 

The  reader  needs  to  study  the  twenty-two  selected  figures  of  Nishioka  et  al  to  appreciate  the  full 
impact  of  these  new  findings  on  the  issues  before  us.  Clearly  the  bypass  is  removed.  It  should  probably 
be  ascribed  to  a combination  of  destabilizing  mean-flow  three  dimensionality  and  to  finite  disturbances 
acting  over  long  distances  in  a tightly  confined  space  (sections  4b  and  4d) . At  a Reynolds  number  of 
8000,  equal  to  1 . 39  Re  , the  flow  remained  laminar  at  the  exit  from  the  channel  after  it  had  traveled  a 
length  of  410  channel  heights  (at  least  240  of  them  in  fully  developed  flow)  from  the  location  of  the 
input  of  vorticity  disturbances . If  we  should  speculate  on  continued  lammarity,  should  the  duct  length 
be  extended,  we  should  keep  in  mind  that  unlike  in  a boundary  layer,  the  ideal  2D  flow  here  retains  con- 
stant stability  character istics.  If  the  qiven  spectrum  of  disturbances  does  not  excite  unstable  modes  in 
a distance  of  240  channel  heights,  it  should  not  do  so  as  the  length  is  increased,  unless  the  three 
dimensionality  became  stronger  with  distance. 

The  measured  excited  eigenampl i tudes  and  phases  are  in  as  qood  an  agreement  with  Itoh  spatial  linear 
theory  (Fig.  5 of  Ref.  58)  as  in  any  of  the  other  classical  microscopic  experiments.  The  180*  phase 
change  takes  place  at  the  center  of  the  duct  and  not  at  the  critical  layer  near  the  wall  as  is  sometimes 
inferred  from  one  constituent  in  the  asymptotic  theories.  It  is  near  this  layer  that  maximal  u'  fluc- 
tuations and  Reynolds  stresses  generally  develop.  When  the  x development  of  the  fundamental  fluctuation 
is  plotted  on  a semilog  graph,  2D  theory  indicates  straight-line  growth  or  decay,  with  the  slope  corres- 
ponding to  the  dimensionless  spatial  ampl i f ication  rate  - . Figure  7 of  Ref.  58  shows  that  in  many 
cases  the  straight  lines  tend  to  bend  downward,  presumably  due  to  3D  effects  when  amplitudes  are  small, 
especially  suberi tically . The  extracted  linear  growth  rates  again  compare  as  reasonably  with  Itch's 
theory  (as  in  comparable  boundary  layer  situations)  in  Fiq.  10  and  11  of  Ref.  58.  These  are  well 
behaved  T-S  waves,  apparently  with  a touch  of  three  dimensionality  but  without  singular  behavior. 

The  u vs  x - semilog  plots  with  increasing  disturbance  amplitude  as  parameter  (Fig.  15  of  Ref. 58) 

at  the  subcritical  Re  of  5000  = 0.87  Re  exhibit  at  first  a slow  growth  at  station  (which  is  32  cm 

cr  0 

downstream  of  the  complicated  field  near  the  ribbon),  then  zero  slope  and  finally  continued  gradual  decay 
for  maximum  u' (x^)  amplitude  up  to  about  1%  of  the  center-line  Poiseuille  velocity  V . As  our  sketch  in 
Fig.  4 indicates,  a u'  disturbance  of  1.2%  of  U also  levels  off,  but  then  it  takes  off  with  increased 
vigor.  Disturbances  of  1.5%  of  U and  higher  grow  nonuniformly  but  do  ultimately  develop  instantaneous 
inflectional  velocity  profiles  (documq^t^  by  Nishioka  et  al)  with  intense  shear  near  y/h  =0.7  and 
spikes  reminiscent  of  Klebanoff  et  al  ' and  become  turbulent  shortly  thereafter.  It  is  difficult  to 
interpret  these  results  in  other  than  Stuart’s  terms:  a threshold  behavior  below  amplitudes  of  about  1% 
(again  rather  close  to  those  where  Klebanoff  and  coworkers  found  departures  from  linear  behavior  and  the 
start  of  the  nonlinea**  module  cum  secondary  instability  in  a Blasius  layer  but  lower  thag^fg^  onset  of 
nonlinearity  in  free  shear  layers).  Ferhaps  the  theory  leading  to  inverted  bifurcations  ' needs 
reconsideration  or  perhaps  it  is  valid  but  its  assumptions  as  discussed  in  sections  4d  and  4e  make  it 
correspond  to  a different  world. 

The  intriguing  Fiq.  16  of  Ref.  58  is  presented  in  a simplified  manner  in  our  Fiq.  5.  It  qgmparos 
the  threshold  amplitude  variations  with  frequency  as  predicted  by  I toh's weakly  nonlinear  theory  with 
the  experimental  data  extracted  from  sets  of  graphs  as  in  our  Fig.  4 for  Re  of  4000,  5000,  and  6000.  The 
experimental  shape  for  5000  fits  between  those  of  4000  and  6000  and  has  therefore  been  omitted  for 


1 .%  t tty.  The  minima  on  t lu*  1 «'  f f cotios|>e>nd  iiimi  ly  to  tin*  romlit  ioiih  of  maximum  .unpl  i f i » at  ion  and  at«- 
otiiM  .lent  with  tin*  trends  of  t hr  theory.  The  oivui  M'liro  of  t hr  nuxinu  on  t hr  it.jhl  "w.r.  uiw*  xp*s  t od"  .tin! 
is  inf  r i |>|  rt  od  .»  , |'o-isll'ly  'Mur  to  t hr  highly  throe*  d I IlieSis  I on.l  1 ll.itilir  of  .1  disturbance*  with  .1  l.ll*|e 
wh  l’  ",  a |H'!tsil'i  1 tty  Ih’Iih  exploit'd  in  follow-up  r xprr  i mrnt  s . Tlu*  i’oiis  i tic*  t .it  ion  of  h i «)h  f i o«|tie*n«  y IP 
phenomena  will  be*  taken  up  ,i>|.iin  in  sect  ion  4h. 


Nnhiok.i  .tn*l  oo  1 1 o.viih's  carefully  map  out  in  x,  y and  t tile*  dove  lopmont  of  l»oth,Lhr  subcritlc.il  .m*l 
• upi'i  iiit  i>  ,i|  *|i  owt  h .ini  I r i n*l  nut  i*»i  **  i ml  I .if  1 1 i (*s  with  t hr  pa t t o t ns  of  K 1 ebanof  f **  t ,i  l hut  with  .in 
apparently  tionuri  i«»lr  foi  tin*  h.iimonli'M  (tin'll  Ki*|s.  1/  mu!  I*>).  Th«»  "hatmonic  » ompoivsit  •.  ti.ivrl  down 
.tro.im  .it  t hr  same  phase*  velocity."  "Thr  f und.imrnt  .i  1 m.iikrdly  ohan*|es  1 1 s .implitud*'  .tnd  phase*  disti  i 
hut  ions  downs t i I'.im"  . hut  "thr  moan  velocity  *1 1 s t r ihut  ion  utidor*|oc*s  no  lar*|o  <1  i st  oi  t i ons"  until  tuthulnuo 
sots  in,  etc.  Those  succinct  statement  . should  tantalize  tlu*  reader  t**  «jo  to  tilt*  * » » i * 1 1 1 1 .« I pape'r  which 
sheds  much  lijht  on  this  f und.tmrn  t ,i  l flow  .iftri  fifty  yoai  s of  d.itknrss. 


f..it*'»  ;t.i*jr  Hiii-rr  t .i  inty  .tnd  More*  opinion 


A p.is?i,i*|r  (p.  M*1  of  Krf.  **M)  has  .i  hr .11  tn*1  on  thr  Pomona  1 Opinions  of  sort  ion  tf  : "Hut  rspr,  i.illy 

it  tlu*  l.ttri  st.tur  .'f  thr  breakdown,  V.1ll*»us  <1 1 f ! *'  t *'llt  fr.it  lll«*s  .m*  ohsrivrd  .it  tlu*  same  st.it  ion,  without 
apparent  .h.in«|*'s  in  tin*  rxpri  imrnt  al  . -olid  l t l oils"  . This  is  foi  sin.il  l<*st  f i res  t i r.im  disturbance's  which 
• ippr.ii  runs  « •.  s f u 1 ly  I'Vi-i  i idfii  hy  tlu*  controlled  tihhou  imprint  mu  t In  « *u*|hout  most  of  flu*  »l**vr  lopniriit  ! 

Yrt  somehow  slow  random  modul.it  ion  manifests  itself  .ill  >*v*’i  .i«|.iin  in  flu*  I.it.«»i  nonliiusit  hut  still  non 
t lit  hll  1 t’llt  s t ,i«|*'s  . Re'sesiioll  on  thr  bte'.lkdowt)  .llld  Its  t I .Ills  ( ot  lll.lt  I > Ml  to  t Ulbll  l ni«  c*  has  lire'll  t hw.lt  te'd  .it  thr 
Illinois  Institute'  of  Trrhno  le**iy  hy  pist  smh  later  st.i*jr  niodul.it  i**ti  .m«l  nont*'p*'at  ,ih  t I i t y . 


oi.  h ohsr  I v.lt  1 Oils  , a l so  (’VI*  Ir  lit  III  I**  1 « | . , .1*1*1  to  the'  Utl*  *'  1 t .1 1 H t y le'SldUe'  of  sevt  IOH  U*.  It  is 

my  opinion  tfi.it  th*'  nonlinr.it  uii.i  ve* » .njrel  fie*ld  V(x,y,/.,t)  .issor  i .it  *'*l  with  flu*  l.ite’i  sta«i**s  of  thr  sesond 
.11  V l Ils  t ah  l I l t l i*s  is  Iinllkrly  to  hr  *>xt  I .1*  ■ t .th  l r f t * »m  me’.isui  «'nie'llt  s 111  Sllf  f I » ' l e'llf  detail  e'Von  wile'll  »It  l vrll 
moii.x  Iii  om.it  t,  .illy.  A v**ty  i rpe’.it  .ih  Ir  ,tn*l  violent  e'vriit  would  h.ivr  to  ois  ut  in  this  randomly  ntodu  1 .if  **d 
tin*-*’  d ime-iis  1 1 *n.i  1 in*  *t  ion  with  l.n*ie*  amplitudes  to  he*  e'Xt  i act  .ihle*  hy  conditional  s.impliuu  t *s -lini  *jiu*s  and 
ensemble'  ,iv«'i  .1*1 1 n«i . ft  will  proh.ihly  hr  v**iy  • 1 1 f f i * • 1 1 1 1 t**  *1 1 s t i ihiui  sh  hrtwre'ii  iionlinrai  th*s*iii*s  of 

hte'.ikdown  I »y  * onipa  i i son  with  rxp«’t  imrnt  • (unless  ,i  theory  turns  out  to  hr  obviously  de*  f i *•  i «'iit  1 . Tlu* 
l.it*'i  st  ,i*|e*  mi.  r i t .« i ut  y .uj.i  in  has  rle'.ii  linpl  Wat  l*»ii*i  tot  i e’sesii  * 'll , hot  h t lie'i'i  e«t  i « a 1 and  r xpr  I inn’lit  a 1 . 


* *t  ll«*  l Possible'  llljll  l'l  r. pie'll.  J Ske'W  Wave’  bypasses 


In  .«',t  ion  *1 1 flu’  Nishiokn  «'t  al  siiinu  .«•  conco  i n i n*i  the*  downward  t i riids  ot  the*  «*xp«'i  ime*nt  a l >uive's 
in  l*i*i.  '■  lo,  ii.f',1  on  tlu*  "hml.ly  flu***'  dimensional  nature*  of  t fir  «li  st  ut  bane*'"  at  hi*|h  fi«'*jurn*y.  It 

f fir  i t I rnt  at  i vr  i ii  t *’  i p i «•  t a t i * *its  an*  **oi  i r«-t  , t hr  i *'  could  ho  conn**ct  ions  with  ot  hn  iu*t  t ill  I y do*  *ume'i  it  rd 
hypa.si".  win  *h  arc  wot  t hy  of  a d i *i  ? rss  i on  , since  hyp.i'r.e'^  ^ ai  **  t hr  he'tev;  noil  •>!  fiansiti.'ii  (•«'«t  i**n  .'f 
and  te*)  . A*  «'ord  I n*|  t*»  I'l.iik's  iionlinrai  i *"s*»n.int  throiy  , *.krw  II)  waves  play  a iTiici.il  role*  and  e*vrn 
t hou*|li  t lu*Y'  ate'  usually  i'xoitr.1  at  a lit*|h*'i  He*,  on  **  t hr  iionlinrai  coupl  um  is  *’*.  f ah  1 i slu'd  t hry  may 
dominate'  t hr  riu*i>iy  e*x(ia*tion  from  tile*  me'.m  f low  in  III*'  i*v;oii.int  tria*l  mr*h  jn  i sm.  Iloprfully  '.onu* 
rxpet  iimsil  ,i)  i.t  will  adapt  Kendall's  t r*hn  i*jur  of  stiinul.it  ion  .'f  ske*w  wave-.  to  i nrtMiipi  r s*.  i h 1 r spr*d- 


m *1 1 n*i  t **  I'l.itk's  inm  l 1 1 


• t i’l.itk's  t hroi  y ilir«'*e*t  1^'. 


Pltevt  lionltne.tt  e'X*  1 fj.p  t on  **f  t lie'  skew  waves  due  fo  l »1l  «jr  *1  1 st  III  hail,  rs  would  I '(institute*  a hyp.  IS- 
tv  Mia  1 dsou  . uni  liis  t'owoike'ts  ' in  a s**ai  *'h  f * » i a hypass  which  .ould  explain  the'  blunt  “hody  paiad**x 
(s»*.  t ion  f ) *1  i s*'*»vr  i « * « l that  in  thr  ht*|hly  aronlerat  «**l  and  stable*  lalkiu'i  Skait  ( f\  11  houn.laty  l ay  «*  i 
they  could  « lotto  t.i  tf'  .1 1 st  ill  haliers  with  a vihiat  liuj  tlhhon  that  would  *|t**w  tiit*>  t ut hn  l e'tlcr  pt**vid*'d 
t fu*y  ftad  thter  d i nu'iis  i ona  l i t y at  hi*|he'i  f i espie’iic  i e*s . The  adtutxfute'  of  IP  an. I hi*fh  radian  f r esjue'in  y 

, oil  I *1  hr  ohtallU'd  hy  adjust  itl«|  thr  |lhhe*tl  t*'tisi*m  s**  that  the'  elect  il*  al  dtivill*!  t l «'» pie'll*  y was  n*‘.1t  t lie 

i.atmal  f i e'ljurm'y  "t  the*  tihhou  syste*m.  Thr  t m hu  l e'n*  «•  w*<ul*l  lesuli  when  th*'  initial  u*  t l uct  uat  ieni'i 
e'xce’«'*lf’«l  approx  i mat  r 1 y ot  thr  initial  lt^(x).  Wlu’ti  the  sanx*  l«'v»'l  **f  initial  u'  (which  was  al*;*’ 
iik  *n  1 1 « *i  »*d  spanwise)  was  «|onor.itod  hy  diivimi  thr  i ihhon  at  .’  I of  t lie*  natural  tihhou  1 1 o*iuonoy  , tin* 
distuthances  mvaiiahly  damped  out.  Thr  Ke*yn*»lds  mimhei  **t  tlu*  rxpe*t  imrnt  har;r*l  on  *1 1 spl  a*  **me'iit  thi*k 
iu'ss  }»  * was  o.’O  wlu'te'.is  If**  y.  is  l,’t>00.  Pi  a*in*''«  i n*i  and  doi'imu'iit  in*i  unknown  nonlinrni  chai  a»-t  ri  ist  i.-s 

is  a time'  ionsumin*|  task,  and  the*  exhaust  ion  of  fund*,  tot  tlu*  IVnta  1 *ls**n  Sne'd*'kk«'i  e'Xprt  ime'iit  left  us 

«*nly  with  an  in»**mpl*'t  *•  t ant  a I i ;*  i n*f  »|limpse  ot  a p*>t  e*nt  i a l 1 y important  hypa--..  in  .»  pi  act  i.  al  situation 
on  h t mi  t bodies  such  a *1 1 st  ui  ham*'  mi  * ylr  t cottce*  i vah  l y at  is**  I i.un  a IP  * *>nt  t*jui  at  ion  **t  isolated  i oiHihin". 
«'I«»m*'Uts  III  | t e'sr  n>  *'  of  tieest  leant  f l II*  t 11.1 1 1 *’IIS  , e'spe'*  • 1 .1 1 l y at  Ite'Y’IH*  Ids  immhe'ls  lu»jll«'l  than  111  Ret. 

H.’ 

The*  thitel  p«*ssihli'  cumipct  ion  is  with  the*  w**ik  *»t  Mart  , win*  appairntiy  was  thr  tirst  to  pt** 

m 1 ' P*M , t h*'  r*"u»nant  tho«*iy  foi  honnd.ny  laye'is  and  wh**  evi  r*'ct  ly  kept  point  in*i  out  that  passive* 
i « ui.jltiw'ss  doe's  not  * i*'ii*‘  late*  unsl«’.idy  wave’s  p**t  •**• , hut  that  a couplin.j,  piohahly  nouliurai  , with  an 
rx.it  i u*i  f i re*s  t i ram  input  is  u«*ee*ss.it  y . Hn  f ot  t iin.it »'  ly  most  ot  his  thee*ietical  st  iiictme  was  not  > at  i ie*l 
out  comput.it  tonally.  llow<sv*’i  , lie'  h»*ll*'Vf'?i  (section  '*  *»t  Ri'f  . M.M  that  hr  found  n«'w  liiu*at  h»*jhly 
uiisfahle*  spatial  sk*'W  m**d*'s.  Tlu*  sc*  have  hi*|hei  f i r«jii«'ii*'  i »*s  and  piop.matr  "with  about  two  tin  ids  ot  the' 
f | *'**s  t I e'.lin  velocity",  .IS  pi  e'Slimah  ly  would  the'  t I e'f'S  t 1 e’.im  t Ut  hll  1 e'tic*’  which  .jets  in*|e*st**d  lllto  thr  .Itowimi 
In uindat  y 1 aye'i  . 

Nome  *»t  them'  findimis  m.iy  be*  ot  roneous , but  t h«*y  *l*',i  1 with  p**t  rnt  i a 1 ly  impottant  conci’pts  and 
should  tall  undc'r  th*'  ll.'lTSii  *|c'n«’  ? a I 1 r.e'el  i In  id*' l ill*'  No.  *1  (section  I*’).  Hopefully,  funds  can  be*  found 
fo  inspire  m.  mieorie  (*»  <he*<k  f hc*s»*  views  bypass»*s  and  improve  on  the  pirerdin.j  .ju.i'ii  infotmat  ton  (at 
hi«|tu't  R**  iii  thr  : n*'«l*'kk*'t  Ponaldnon  «*anr  ) . 


s TRANSITION  IN  VI  RCUI.AR  1'IPKS;  Sl.lki S ANU  IUIFKS 

*'.»  Recent  Results  hi  Uikmi  .Stability  Theory  for  pjr^o  Flow 

With  one  except  i v »i  1 (which  nx*st  theoret  icians  ascribe  to  an  eiioi  oi  doubt  f ui  asymptotn  approx 
mat  ions)  all  theoiotlcal  lesults  tiave  concluded  that  fully  developed  pipe  flowers  ‘.table  tv'  infinitesimal 
dist  ut  bailees . The  t eoent  and  extensive  computet  studies  ot  Salwen  and  utosi'h  cover  a/ limit  ha  1 wave 
number  s n-O-S,  axial  wave  numbeiH  O.l^-v^  10  and  0 < ^ Ke  v.  S0000,  and  provide  phase  speed  and  de.  ay 
developed  with  Ke  for  the  temi*oral  stability  formu  lat  ion : expi[<  i t «o  -<  (c,  ) dam  and 

Kv'U  lean  set  c ^ - u)  ^mi  c^-0  and  allow  fot  complex  in  ordet  to  come  ilosi't  to  the  expet  imental  studies 
such  as  that  ot  l.eite  . They  computed  eigenvalues  over  a sufficient  range  (up  t o Re  of  10000)  to  state. 
"It  "wiy  be  infetted  ftom  the  asymptot ic  behaviour  ot  the  eigenvalue  tialeotovy  tot  the  least  stable  mod. 
(n« l)  that  instability  does  not  incut  even  at  higher  Reynolds  numbers."  The i t eigenfunct  ions  agtee  well 
with  the  tw><  set-,  ot  center  and  wall  dt^t,u^jancc  families  c^puted  a sympt  ot  i . a l 1 y and  des.  i ibed  eat  1 let 
by  villi  m the  first  of  his  basic  papers  * In  197  1 i.tll  confirmed  the  guoted  asymptotic  sutmlse  ot 

i.atg  aiui  Rouleau  fot  the  least  .tampevl  disturbances.  Tin*  least  damped  d i '•  t ui  bailee  mode  has  vety  small 
amplitudes  f.'t  d miens  ion  less  t ad  i i > 0.  1 and  its  phase  velocity  appt  oaches  t hi*  centet  -line  vel.u  ity  . I’ll, 
st  retching  of  "S*  vot  t n 1 1 y,  occasioned  by  radial  mot  ion,  changes  the  natute  of  the  problem  ftom  that  fot 
channel  flow  111111,97,90). 

‘*b  An  Fxper  intent  and  1 nt  e ipt  et  at  i oils 


l.eite  demonstrated  that  up  to  the  limit  ot  his  experiment  h,  Re-11000,  small  vil  st  ut  bailee-.,  wh  i ch 
we  i e generated  e lect  t ..magnet  i ca  l 1 y m the  fully  develop'd  t low,  i nvar  lab  1 y de.-ayed  with  distant  e "whether 
they  wete  axially  synutiet  t ic  ot  not".  However,  "instability  and  transition  tv*  tutbulent  Mow  weie  ex.  it.-.t 
when  the  disturbance  exceeded  a given  amplitude",  and  this  threshold  "decreased  with  increasing  Reynold 
mimbei".  This  laiget  disturbance  was  generated  by  a "ting  ait  foil"  which  a l so  modified  the  mean  flow 
field  and  suffered  some  suppot t inter fet ence . 

^■jFo  t Le  lie's  amal  l -di  stur  bailee  measurements  "gv*od  agi  ^ment " with  spatial  theory  was  repotted  by 
dill  To  explain  Leite's  laige  disturbance  results  ..ill  had  tv*  estimate  the  effect  ot  the  Moditiei 

in  the  system--  i.e.,  the  dev'ay  ot  the  instability  inducing  mean- 1 low  wound  which  was  cau--«*d  by  the  ting 
ait  toil-  The  decay  was  judged  slow  enough  tv.  al  low  fluctuations  tv.  amplify  past  some  non  l meat  thieshol.t 
and  tv*  proceed  tv*  turbulence  before  the  dest  at*  i l i /at  ion  subsided.  "The  theory  as  dev*  loped ...  seems  to 
tit  the  conditions  ot  l.eite's  experiment  vety  sat  is  t act  or  i ly , but  what  about  the  situation  ot  Reynold  ' 
original  expet  iment  askevl  V.ill  . Then*  the  disturbances  wete  brought  m at  tin*  inlet  and  must  haw 
decayed  in  the  central  a.  ve let  at  mg  region  throughout  the  development  length  of  the  pipe  flow.  lat -umi 
had  concluded  back  in  19S2  that  it  is  the  boundary  layer  in  this  entry  legion  which  is  unstable 
( Re  x 19400),  but  viill  wrote  in  196S,  "...it  is  not  cleai  whether  this  instability  plays  an  important 
iv'le  m p t v'diiv.- 1 ug  the  observed  effects  such  as  the  sudden  rapid  oscillations  ot  the  dye  column  in  Key 
Holds’  experiment  at  a certain  distance  from  the  nozzle."  He  performed  an  inconel  us i ve  thought  export 
ment  m terms  ot  a "wound"  or  "bump"  on  the  uniform  entry  flow  and  cal  led  toi  a real  experiment  t.>  ...*t  t le 
the  effect  of  two  countet  trends. 

100 

Uavey  and  Nguyen  set  aside  the  entry  t low  issue  anti  worked  on  refinement?;  ot  finite  disturbance 
theory  tot  the  fully  developed  flow-  i.e.,  on  a finite-input  bypass.  In  contrast,  dill's  model  i*.  .» 
Modifier  bypass  thtough  finite  distortion  ot  tin*  mean  flow  vortic^ty.  Macktodt's  I97t»  papet  on  lineal 
-.lability  thev'iy  i*t  pipe  flow  with  super -posed  tigid  body  tv*tativ*n  * offered  the  possibility  ot  vet 
another  inadvertent  bypass:  "Tin*  results  suggest  that,  at  high  axial  Reynolds  number*  , the  amount  ot 
totation  revolted  tv*i  vle?;t  ab  i l i zat  ion  could  be  small  enough  tv*  have  escaped  notice  in  experiment*,  on  the 
transit  ion  to  turbulence  in  nominally  noiPret.it  iug  pipe  How".  Mavki^Jt’*.  model  leaves  out  the  import  ant 
i-*siie  ot  the  ent  r am  e- f low  dove  loping  (it  as  was;  pointed  out  by  Sarpkaya  but  that  t.oo  could  be  swirl 
sensitive.  Wygnansk  i ami  v'hampagne  in  t In*  1 1 exhaustive  mici  oscopic  studies  v*t  pipe  flows  nevet  .>n.v 
v*b-.e  t ve.l  transit  ion  tv*  turbulence  "while  the  velocity  profile  was  . lose  tv*  parabolic".  They  tate 
"Thus  stability  calculations  in  the  developing  region  ot  the  pipe  (Tat  sunn  ins.*)  an*  rooie  relevant  to  tin- 
natural  process  of  transition  in  a pipe  than  the  numerous  analyses  which  are  solely  concerned  with  tin 
stability  of  Foiseutlle  flow." 

’h  stability  ot  the  Put  ranee  Flow 


With  the  availability  ot  presumably  better  theories  ot  entrance  t low  and  with  the  advent  ot  compute!  - 
since  Tat^i^mi's  19S2  asyir.pt  ot  ic  j*ffort?n  Huang  and  dhen  n*cent  ly  reexamined  the  stability  i-.siu-  loi  »\i 

symmetriv  ami  m*n-axi  synuuet  i • .c  di  st  urbances  , (n- l ) . Using  temporal  stability  t.*i  mu  1 at  ton  , a*,  r.o  umi 
di»l,  they  t v * un  v 1 the  flow  v oils  ivi»*t  ably  more  stable,  their  neutial  Ke  UP  v beimj  b*U0U  ami  bl'u.O,  i« 
pectively.  Compared  tv*  the  infinite  Ke  tv*i  the  p.itabv*liv  vil  st  ribut  iv*n,  the  entrance  t low  is  indeed  moi  • 
unstable.  Hv*wever  , if  Tatsumi's  Re  of  l‘»40O  was  thv»uvjht  high  ami  unconvincing  a.  tv*  it  - ignitiam. 
tv*r  "boundary- layer  instability"  in' pipe  transit  umi,  what  alxuit  the  still  higher  Reynold?*  numbers  ot  Huang 
And  Chen/ 

Then  why  not  disturb  tin*  entrance  flow  experimentally  wi^lj  a suitable  Mu.  tn.it  ion  generator  and 
settle  the  issue.’  That  is  exact  ly  what  Satpkay^set  out  tv*  do  , using  an  e le.  t t omagnet  i * a 1 1 y -tic.imw!  • 
driven  "sleeve"  at  the  wall,  similar  tv*  l.eite's  , and  other  disturbance*..  Actuallv  tin*-  fluctuation 
g«*n»*r  at  or  is  mote  suitable  f**t  the  entry  flow;  in  a botseuille  flow  tin*  sleeve  driven  wall  -.hear  wav. 
might  not  have  been  efficient  in  exciting  tin*  least  ‘.table  central  modes.  sarpkaya  also  improved  on  l.  it. 
by  totaling  tin*  sleeve  e lc.  t t omagnet  i . a l 1 y inside  the  pipe,  thus  genet  at  ing  non  »\i  emmet i u di  .turban. « 


The  essence  ot  Sarpkaya ' s Fig.  is  sketched  in  our  Fig.  t*.  The  nominally  amt*  .1 1 *.t  ut  bam  .-  which 
were  damped  (tit  basic  igteemetit  with  r ut  ini  tesimal  theory)  in  l.eite's  fully  developed  t low  now  »mplrt\ 
past  He-x,7'»00  when*  they  should  be  .table  a.  cot  ilimj  tv*  r.it*mmi  ( l‘»400)  and  even  mote  • .*  according  to 
Huang  ami  Mien  ( I9M00)  I Sarpkaya  also  repeated  sv»me  v*t  bette's  efforts  'Experiment-.  \n  the  tullv 

vlevelv«ped  te«|ion  of  the  t low  vlrd  not  show  a single  case  ot  growth  tot  tin*  disturbances,"  winch  i also  nr 
agreement  with  the  Wygnanskt  Champagne  giiv't  at  ion  in  sect  ion  r*b . The  combination  ol  the  exper  iment  *.  ot 


l.eite,  satpkaya,  and  Wyqnanski  s Champagne  arques  heavily  that  in  the  real  world  we  no  loiujet  should  think 
m terms  of  a bypass  for  the  Poiseuille  Flow  but  in  terms  of  a simpler  discordance  m smal 1 -disturbance 
stability  mtoim.it  ion  for  the  entrance  flow:  Sarpkaya 's  disturbances,  both  axisymmetric  and  non-axisym 
mettiv  , grow  at  um\'mt  ortably  low  t heoret  leal  ly  subcti 1 ical  Reynolds  numbers. 

‘si  The  New  I'isi  oid.in.v  and  t he  Old  Bypass 

Satpkaya  a-. vuies  us  that  "The  disturbances  generated  did  not  become  nonlinear  within  tlu»  range  ot 
Reynolds  number*;  and  disturbance  amplitudes  and  frequencies  encountered."  Also,  "The  rates  of  utowth  01 
decay  we t e neatly  linear,  particularly  (or  the  most  slowly  deeayinq  or  qrowinq  disturbances".  (These 
were  obtained  from  unpubl i shed  loy^u’  u1  versus  (x-xy)  t>  plots  similar  to  those  discussed  in  section  4f 
m connect  ion  with  Nishioka  o t al  .)  So  ttie  finite-input  bypass  seems  inappropriate.  Sarpkaya  did  not 
n|m*c  1 1 i ca  1 1 y merit  ion  measuring  the  moan  profile's  close  enouqli  to  the  qeneratoi  when  the  qeneratoi  was 
oscillating.  We  do  know  that  tin*  brass  sleeve  was  against  the  inner  wall  and  2 ' 1000  radii  thin,  but  we 
dTT  not  know  tin*  local  (variable)  thickness  of  the  wall  shear  layer  nor  whether  any  local  separation 
i eq ions  ot  consequence  were  present.  Thus  the  profile  Modifier  bypass  functionally  similar  to  Gill's, 
a*;  discussed  in  sect  ion  Nb.  cannot  be  explicitly  ruled  out  at  this  time.  But  since  a steady  wound  would 
be  local  and  should  heal  farther  downstream,  the  u'  amplitudes  miqht  be  increased  and  x lowered,  but 
t he 1 1 rate  ot  ampl i ( i cut  ion  in  the  linear  regime  and  Re  ^ itself  should  remain  unaffected. 

According  to  Sarpkaya,  "The  di f fei ences . . .may  be  due  to  the  combined  effect  of  f roe-stream  turbu- 
lence level  (0.07%,  misprinted  in  Ret.  ‘>2),  the  rate*  of  growth  ot  tin*  disturbances,  the  small  differ- 
ences between  the  gradients  of  the  measured  velocity  field  and  the  one  used  m analysis,  the  super- 
position  of  some  non-.ixisymnvtrio  disturbances  on  axisymmetric  disturbances  and  the  manner  of  intro- 
duction of  the  disturbances" . If  the  unsteady  disturbances  are  cert i tied  as  linear  as  quoted,  it  is  hard 
to  see  how  a sui'erj'os  1 1 ion  of  deeayinq  processer;  would  yield  a qi  owing  disturbance.  So  in  Sarpkaya  s 
li-.t  , the  mu  ioi  suspect  would  seem  to  he  the  "ditferences  in  gradients  . Suipkayu's  muin-tlow  t ieid 
uqieed  with"  that  used  by  Huang  and  Chen  "to  within  approximately  *»%"  and  "the  ei  rot  in  t epeut  abi  1 i ty  war; 
ot  the  order  of  i%". 


Wyqnanski  and  Champaqne's  part  ial  compilation  ot  expoi  iment a 1 variation  of  P U with  x PKe 

(Fig.  10  of  Ref.  95)  demonstrates  that  contrary  to  theory  "x  PRe  does  not  uniquely  determine  the  shape  of 
the  velocity  profile"  and  that  for  purely  laminat  flow  "the  length  of  the  inlet  region  depends ...  a l so  on 
tin*  nature  of  the  input  disturbances"!  (This  i s the  reason  why  the  qualtfiet  "presumably"  war;  inserted 
m the  first  sentence  of  section  5c.)  Since  no  comparable  statement  has  apparently  been  advanced  with 
i espect  to  the  Blusius  profiles  for  small  freest  ream  disturbances,  it  would  seem  that  tin*  enhanced  coupling 
m confined  flows  as  discussed  in  section  4b  is  a factor  influencing  the  mean  flow  distributions  in  pipes. 
Ami,  us  Sarpkaya  implies,  the  neutral  point  could  be  quite  sensitive  to  the  mean  voi  t i c 1 1 y ud  i ent  •• , 
although  the  gap  we  have  to  explain,  ?9800  to  7500, is  sobering. 

Some  part  of  the  effoc^yun  probably  be  ascribed  to  the  usage  of  parallel -flow  stability  theory, 
later  tcriay  Saric  and  Nay f eh  will  clarify  for  us  the  nature  of  expected  theoretical  shifts  as  well  a- 
tin*  necessity  for  taking  into  account  the  distortions  of  the  fluctuation  profile  with  x when  computing 
ampl i f icat ion  rates  from  experimental  data.  Both  effects  might  be  contributing  to  the  Re  ^ gap. 

Tin*  qualitative  arguments  in  this  section  illustrate  the  type  of  detective  thinking  which  goes  on 
when  we  are  faced  with  a new  unexpected  disagreement  or  bypass.  We  do  have  a problem  in  determining 
rationally  the  cutises  of  the  differences  in  Fig.  b.  However,  despite  this  quantitative  disagreement,  the 
multipit*  evidence  jniint  ; to  the  removal  of  the  far  more  uncomfortable  ninet y-six-year  old  bypass  of 
Osborne  Reynolds.  No  one  probing  microscopical ly  has  yet  seen  transition  t o occur  after  the  profile  had 
become  parabolic.  F.xceptions  can  of  ^ourse  occur  when  f low-distort  ing  and  large  fluctuating  di  st  y^arnes . 
such  as  those  of  I.oite's  ring  airfoil  ' or  of  Fox,  Lessen  and  Bhut's  low-aspect  rat io  leaf  spring  *, 
an*  introduced  locally  in  the  fully  developed  flow  a;;  does  not  happen  in  normal  pipe  flow.  We  should 
perhaps  invoke  Guideline  No.  4 (section  Ic)  with  respect  to  the  specific  separate  evidence  which  gives 
rise  t o the  new  difficulties.  Nevertheless,  we  are  at  the  point  whore  the  full  evidence  could  be 
considered  sufficient  to  believe  that  for  small  and  moderate  inlet  disturbances,  transition  takes  place 
m the  wall  layer  of  the  entrance  flow . Such  conditions  lead  to  turbulent  format  ions  called  slugs  by 
Wyqnanski  and  Champagne. 

So  S 1 ugs  and  Puffs 

Slugs  designate  extended  turbulent  formations,  l.S>  P,  filling  the  entire  cross-sect  ion  ot  the  pipe, 
with  largest  fluctuations  occurring  near  the  wall.  Sharp  changes  in  the  character  of  the  flow  occur  at 
the  leading  and  the  trailing  edges  of  a sluq--i.e.,  at  both  interfaces  with  the  adjacent  laminar  flow. 

Those  conceptually  very important  transition  regions  have  been  mapped  out  and  analyzed  m great  detail  by 
Wyqnanski  and  Champagne  . The  structure  of  the  flow  away  from  these  interfaces  was  shown  tv'  be  the  sum* 
a*;  in  a fully  developed  (non-int ermi t tent)  turbulent  pipe  flow. 

In  the  ramie  2000  < Re  s.  *700  Wyqnanski  ami  Champagne  identified  for  the  first  time  wry  di*  ‘tent 

and  peculiar  turbulent  entities,  dubbed  puffs,  with  largest  f 1 net uat ions  m the  central  region  ot  

of  the  pipe.  At  a fixed  Reynolds  number,  some  distance  ftom  the  pipe  entrance,  the  puffs  assume  lengths 
and  structure  documented  to  be  independent  of  the  nature  v't  the  large  disturbances  which  created  them. 

At  the  leading  edge  of  a puff  the  character  anil  velocity  of  the  flow  change  very  gradually  (in  clear 
contrast  to  the  behavior  at  the  front  of  a slug).  The  trailing  front  is  sharp  near  the  center  v't  the 
pipe  but  becomes  undefined  at  larger  radii  where  the  wall  vortierty  layer  refuses  tv'  participate  in  the 
t ur  bill  ent  act  ivity . 

In  contrast,  the  slug  is  evidently  Iwru  in  the  wall  ultra » layer  (pp.  299-100  v't  Ref.  95),  first  as 
a local  spot  (akin  to  Emmons’  turbulent  spot  It  "begins  on  one  side  v't  the  pipe  wall  and  grows  into  a 

slug  as  its  dimension;;  become  comparable  with  the  pipe  diameter".  When  a transition  burst  occurred 
where  the  laminar  wall  layer  had  grown  tv'  a significant  fraction  v't  the  radius-  i.e.,  for  larger  x PRe- 


tho  turbulence  spread  "almost  lust  ant aneously  Across  the*  e»ntite*  itohs-mim  ion". 


Wall  t U!  Im  lence  was  not  observe1*!  much  below  a Reynolds  number  of  l.’OO.  Mowovet,  large  enough  initial 
dist urbances  coulil  make*  the  flow  m»ai  the*  entrance  turbulent  at  Ke*  values  as  low  as  2000*  as  has  been 
known  for  decades.  High  turbulence  is  not  readily  sustaine*!  in  t^?l’li’**  at  these*  ill  ssipat  i ve*  Key  no  Ills 
numl'ei  >ij  it  tennis  to  decay  in  an  interim  1 1 e*nt  fashion  as  hitnlgren  had  shown  visually  back  in  1HS7. 
Wygnanski  and  champagne*  traces!  this  deve  lo|tment  with  uni  easituj  x:  “Further  downstream  the*  flow  becomes 
intermittent  as  small**!  chunks  of  tuihuletne  bleak  away  and  move*  downsti**am.  The*  process  of  subdivision 
may  repeat  itself  until  an  equi  1 lbi  1 urn  is  r**ache*d  and  'fully  *1eve  loped'  put  fa  move*  down  the*  pipe".  These 
quantized  turbulent  *»ntiti»*s  represent  s«»lf -sust  aininq  o|>en  turbulent  syste'ms  which  in  our  terminology 
const  it v»t*>  a nonlinear  bypass.  They  pie* sent  a special  challenge  to  the  vai  lous  computerized  models  wi 
t urbulen*  e» . 

‘*f  The*  Chal  l**nqe 
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Moie  recently  Wygnansk  i , Sokolov  and  Fi  iedman  combines!  an  »*sp*»cially  tefined  ve»rsion  **f  conditional 
sampling  with  con  trol  1 tni  pulse*  d i st  ut  bailee's  . The*  finer  observations  disclose*!  that  a true  equi  1 ibr  l urn 
puff,  which  do*»s  not  change*  its  length,  occurs  only  neai  Ke*  2220.  For  Ke*  <.  2200  the  puffs  dt*c  tease 
slowly  in  length,  while*  for  Ke*  > 2100  puffs  would  length«*n  and  split.  At  K**  of  2t*00  one  disturbance 
pul *u*  at  the*  «*nt ranee*  wouM  result  in  an  av«*tage  of  4 puffs  at  x l'-‘*00.  Pan  this  splitting  phenomenon 
be*  predicted  by  theory  and  computers? 

96 

To  present  a cleat  quantitative  tarqet  Wygnanski  e*t  al  provide  us  with  a very  eletailed  anatomy  of 
the*  equi  librium  puffs  at  R*»»2220:  stie*amlin«*  patt**rns  in  ta  t » qm**  of  reference  moving  with  the*  sharp 
ti.  tiling  int**rtace*,  dist  i lbut  ions  of  me*  an  velocity,  of  u ' " , v**  and  w/#  f l uct  nations , of  Reynolds  stress, 
and  of  semi**  dissipation  rates.  The  equilibrium  puff  as  a whole*  dissipates  as  much  turbulent  e'nergy  as  it 
qenerates,  but  the*  spatial  di  st » ibut  ion  is  impoitant.  The*  authors  speculate  how  an  observed  localized 
negative  product  ion  could  be*  enhanced  at  somewhat  highet  Reynolds  numl*ers  and  l**ad  to  the*  splitt  ing 
ph**nom**non . 

**»1  The*  Fm*»t  q ing  Vi**w  .>t  Pipe*  Tianr.it  ion 

The*  pi  ec«*d  ing  picture  of  the*  g*»nesis  of  slugs  and  puffs  and  of  theit  characteristics  difft»rs  from 
the*  idealized  views  of  instability  and  tiansition  in  pipe's.  The*  Wygnansk i -Champagne*  schematic'  "guide*"  to 
the*  dependence  of  the*  various  regimes,  in  a long  pipe,  on  the*  strength  of  the  inlet  disturbances  and  Rey- 
nolds number  is  i **pi  oduced  in  Fig.  7.  it  is  satisfying  that  after  neatly  one  hundred  years  a conceptually 
oonsiste'nt  vie’w  of  Reynolds'  phe*noim*non  is  e*m**rging.  Figure  7 is  in  agro»*me»nt  with  the*  theoretical  and 
exp**i  iment  a l wc»rk  on  t lie*  stability  of  the*  entrance  flow,  discussed  in  section  ‘*c. 

The*  mam  discordant  *'le»m**nt  » *.  not  the*  ons«»f  of  turbulence  before*  the*  parabolic  flow  is  e*stablished 
but  the*  di  sagt  **«»m«»nt  b«*twe*«*n  Sarpkaya's  smal  l disturbance*  experiments  * and  linear  stability  theory;  s**e 
•<**«  t ion  **d.  he'u  Id  sarpkaya's  results  be*  sust  aim'd  by  desired  add  1 1 iona  l evid**nce,  the  picture*  would  be* 
vi'ty  e-onsistent  . In  view  e't  the*  Wygnansk  i -Champagne  quotations  in  sect  ion  Sd  concerning  moan-ptofilo 
.le*v«*  l»*pm»*nt  , it  would  also  s«*em  very  desirable  to  che'ck  the  theory  fe*i  sensitivity  to  changes  from  the* 

.»  unit'd  ve’loi  ity  el  i st  i ibut  ions . The*  nature  of  this  difficulty  is  very  different  from  that  cleared  up  in 
chapter  4,  wire* it*  the  pi**blem  was  the  e'arlier  experimental  inability  tv*  generate*  channel  flows  tie**  of 
ma.lve'i  t ent  Mod  i f lei  s , at  sufficiently  low  inlet  disturbances.  He*  re  the  inlet  disturbances,  quoted  as 
u'  ~ 0.0007  V by  ..upkaya,  we* re  apparently  low  enough  to  exclude*  unsteady  nonlineat  e*ffe»cts  as  suspects 
in  lower  tug  »*xp**r  im*»nt al  Re*  . Them  acc*ording  to  Fig.  I,  the*  pre’sent  ly  most  rational  explanation  is  in 
term-,  of  di  f f**r  «*in**s  m moan- flow  vortioit.y  distributions  (inc'luding  inadvertent  Modifier  effects)  as 
u-.«*d  in  the*  the'or  i**s  and  as  encounti*red  in  the*  experiment,  plus  correct  ions  associated  with  non-parallel 
t low  aspect s . 

llow»'v**i  , th  i s discrepancy  seems  minot  in  comparison  witli  the*  pr«»vious  conceptual  difficulties.  it 
wa*.  biought  »*ut  in  part  to  underscore  the*  realism  of  our  consider -at  ions  in  sect  ions  2g  and  la  **v**n  for 
th**  .imple'st  ije'ome'tiy,  umlet  con  t replied  1 abot  at  ory  conditions  (as  against  practical  cxrnf  igurat  ions  und**r 
field  ci  mdi  t ions)  . Tlie*  It'ssons  *>f  history  at**  nume'ious;  if  only  we*  we*ie*  willing  to  incor|*otato  the*m 
into  our  phlleise'phy  in  apptoachimi  transit  ie>n  problems  1 

t*  Si'MF  RFCFPTIVtTY  ISSUES 

« *. i The*  Uiuitiswer e'd  ^uest  ions 

The*  last  ten  years  unque'st  tonal*  ly  brought  progre*ss  m resolving  ma)oi  di  f f icul  t i**s  in  the*  channel 
and  pip**  f K*w  ^ii|^e*mmas  (Chapt«*rs  **  ami  6)  anil  in  clarifying  the*  nature*  ot  instability  at  supersonic  sjx'ods 
(■.***»  Re'shot  ko  ' >.  We*  have*  also  hail  a first  wave*  of  e'fforts  te*  understain!  the*  key  issues  of  shear  la>**i 

r e-ce'pt  ivtty : 

ll)  what  are  the  mivli.imsms  by  which  the*  envi  feMimont  al  dist  urbances,  the*  vort  wity  f luct  uat  le'ns , 
sound,  am!  «*ntropy  di s t nr bam*i's  (f*  T’  at  e'onstant  p)  cause*  t lie*  inst  abi  1 i t ie*s  to  develop 
within  the*  shear  layers?  ami 

(2)  * an  the*  causal  t elat  teuiships  be*  de'sci  il*o*i  quant  i t at  i ve*ly  ? 

In  l‘Ml,  whe*n  Se’hubauet  ami  Skramata*!  demons!  r at  **d  that  the*  Te*l  lmn*n-Schl  i cht  ing  me'chanism  uuloeil 
ge'verns  flat  plate*  transition  in  a bt*niein  **nv  i r **nme*nt  , th**y  also  she'wt'el  that  both  fre**stre*am  turbulence 
ami  soum!  »le*  *|ene»ate  the*  T :>  waves  (at  Ma»  h numbers  e'ii  the*  order  e*f  0.02'  . Mon*  than  forty  years  later 
w«*  do  not  *’v**n  know  ^ yi(tje  t he*  i the*  induction  proi  i"is**s  for  an  attached  boundary  lay**i  ate*  e|em*rally  linear  I 
A.  ordimj  to  Norman  , the*  presence*  ot  a small  U'  pr  ot  ul**»i  am  e*  in  an  e>th**rw\se  HI  as  ills  boundary  laye'r 
« an  make*  tire*  ri*atta«h**d  beuindaiy  lay»*r  sensitive*  to  ilrfferem*e  tones  of  two  highe'i  frequency  ace*ust  ic 
•list  urbanees  on  the*  orde»t  *>f  HO  ill*  whie'h  the  layer  damps  imitvielual  ly . This  nonlmeat  rmluct  ion  process 
was  traces!  to  the*  short  se*pa rate'll  shear  laye'r  behind  the*  obstacle*  whie'h  amplified  the*  tone*  to  nonlim*ai 
l eve  1 s ami  led  te*  titter  for  t mi  laminar  vortex  loops.  These'  rose  t o the  t*»p  e*f  the'  iHumdary  layer  but 


r 
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induced  T-S  waves  below,  at  the  difference  frequency.  Spangler  and  Wells^0  had  some  difficulties  in 
reconciling  their  measured  freestream  excitation  spectra  with  the  trends  of  the  observed  transition  Re 
and  suspected  nonlinearities  in  some  cases.  The  relatively  simple  experiment  of  measuring  the  spectral 
amplitudes  of  T-S  fluctuations  in  a boundary  layer  as  function  of  measured  controlled  acoustic  excitation ^ 
spectra  and  performing  various  cross-correlations  has  not  yet  been  rigorously  performed  (but  see  Freymutti 
and  Morkovin  and  Paranjape  for  some  results  in  free  shear  layers) . Since  freestream  turbulence  is  much 
harder  to  control  and  characterize,  the  corresponding  desirable  two-sensor  experiments  are  much  more 
difficult  and  will  be  harder  to  interpret. 

6b  Enhanced  Sound  Effects  at  Sharp  Corners 

Reshotko^  reviewed  the  state  of  the  receptivity  concepts  only  last  year.  Rogler's  presentation^ 
should  give  us  an  even  more  up-to-date  view  of  the  theoretical  approaches  and  results.  Mere  I would  like 
to  add  some  more  intuitive  and  physical  speculations  which  can  perhaps  provide  glimpses  of  issues  beyond 
the  constraints  of  the  strictly  parallel  flow  theory. 

An  instructive  model  of  induction  of  vorticity  waves  at  a 2D  stagnation  point  by  a irrotational 

sound  wave  (with  wave  number  * 2Tr/A  and  circular  frequency  uJ  ) was  put  forth  by  Saxena  in  1971.  In 
the  proximity  of  the  stagnation  point,  xgy=0,  (with  the  freestream  coming  from  the  negative  y direction) , 
the  classical  local  solutions  of  Hiemenz  approach  the  expressions  u=ax  and  v=-ay  at  the  edge  of  the 
viscous  layer  & ^ i «r77cL  » where  J is  the  kinematic  viscosity  and  a the  gradient-scaling^^nstant 

U*,  / R (R  = leading  edge  radius).  Asymptotic  theories  tell  us  (e.g.,  Amiet  and  Sears  ) that  well 
behaved, matchaEIe  approximations  to  sound  waves  travelling  in  the  x direction  are  locally  incompressible, 
and  therefore,,  in  the  proximity  of  the  origin,  a forcing  plane  wave,  with  A » F. ' Can  rl9orously 
represented  by  u = bexp(icjt).  Bernoulli  equation  applied  at  the  edge  of  the  layer  then  introduces  the 
process  nonlinearity  and  yields  -abexp(iut)  for  the  unsteady  component  of  • The  no-slip  boundary 

condition,  u = 0 at  y = 0,  links  this  gradient  to  the  source  strength  of  vorticity  induced  at  the  wall: 

= abexp(i<jt).  The  unsteady  equation  for  the  vorticity  ^(y;a,b)  involves 
nonlinear  products  of  the  known  Hiemenz  solution  and  its  derivatives  with  the  desired  response  function 
and  its  derivatives.  With  the  specified  boundary  condition  on  ( )Q,  it  can  be  readily  solved  on  a 

computer  for  any  given  frequency  co  . 

The  resulting  vorticity  wave  is  bilinear  in  a and  b,  the  magnitudes  characterizing  the  abruptness  of 
the  stagnation  point  («,Utf  / R^)  and  the  local  amplitude  of  the  inducing  plane  wave.  This  local  amplitude 
is  enhanced  by  the  acceleration  of  the  unsteady  velocity  field  around  the  leading  e^g^ , an  enhancement 
which  var.es  with  inverse  1/2  power  of  k for  thin  flat  plates  according  to  Saxena  . Thus  as  long  as 


S/R, 


ing  e3ges  with  smatf  radii  would  appear  to  be  particularly  sensitive  to  acoustic  induction  of  vorticity. 

6c  In  Search  of  a Rational  Linear  Link  to  the  Tol lmien-Schl ichting  Waves 

This  induced  vorticity  field,  however,  is  not  the  Tol lmien-Schl ichting  field.  One  can  speculate 
that,  as  the  boundary  layer  turns  around  the  leading  edge,  the  convected  remnants  of  the  above  induced  field 
at  a given  x could  serve  as  the  upstream  boundary  conditions  for  the  downstream  spatial  development  of 
T-S  waves.  in  principle,  one  could  hope  to  decompose  the  variations  normal  to  the  surface  at  x in  terms 
of  the  sequence  of  eigenfunctions  of  the  Orr-Sommerfeld  equation.  However,  at  these  precritical  Reynolds 
numbers  even  the  lowest  mode,  the  Tollmien-Schl ichting  mode,  decays  with  x so  that  only  "infinitesimal" 
fluctuations  would  reach  x corresponding  to  the  given  frequency  ui  • Thereafter  they  would  amplify.  But 
the  presence  of  the  precritical  bottleneck  makes  it  likely  that  other  disturbances  operating  through  more 
efficient  receptivity  paths  would  have  reached  higher  amplitudes  and  become  the  primary  agents  leading  to 
instability  and  transition. 

The  situation  is  different  at  trailing  edges  and  at  nozzle  lips  or  edges  from  which  free  shear 
layers  separate.  Although  we  do  not  have  the  equivalent  of  a Hiemenz  solution,  the  acoustic  induction 
process  of  vorticity  through  the  curvature-enhanced  acoustic  particle  velocity,  u , operates  as  before. 
Again,  the  bifurcation  point  or  separation  point  is^JJje  most  easily  influenced  location  by  the  relatively 
small  u . Just  like  the  attachment  point  of  Saxena  , the  separation  moves  back  and  forth.  The  vorticity 
variations  at  a station  x just  downstream  of  the  oscillating  separation  point  can  indeed  serve  as  upstream 
boundary  conditions  for  the  spatial  instability  without  any  intervals  of  decay.  However,  the  mean  vor- 
ticity profiles  change  relatively  rapidly  in  these  important  tj^rly  stages  of  free  shear  layers,  and  this 
fact  has  to  be  taken  into  account,  as  pointed  out  by  Michalke  . He  does  it  by  solving  a series  of  eigen- 
value problems,  each  for  a parallel  flow  with  the  mean  profile  corresponding  to  the  successive  x positions 
(Figs.  9 and  10  of  Ref.  27) . The  limited  correspondence  between  theory  based  on  early  changing  profiles 
and  experiments  of  Miksad111  is  also  relevant.  For  more  accurate  results  the  non-parallel  aspects  would 
probably  have  to  be  considered. 

To  think  in  terms  of  an  upstream  boundary  condition  at  xQ  for  the  spatial  instability  development 
seems  natural  when  one  has  a rapid  x variation  in  geometry,  in  boundary  layer  properties,  or  in  the 
strength  of  the  disturbances  (e.g.,  loss  of  acoustic  enhancement  or  sharp  drop  in  vorticity  generation, 
as  above).  It  also  provides  a reasonable  linear  link  with  the  Tol lmien-Schlichtinq  process.  The  expan- 
sion of  the  vorticity  3e(y)  in  terms  of  the  Orr-Summerfold  e nfunctions  would  be  a practically  forbidding 
process.  However,  ten  years  ago  Nagel's  early  computations  of  instability  waves  in  the  Navier-Stokes 
framework1*0  showed  that  different  "initial  conditions"  evolved  quite  readily  into  the  T-S  eigendistribu- 
tions.  So  perhaps  current,  more  efficient  Navier-Stokes  programs  could  calibrate  for  us,  if  desirable,  the 
transfer  factors  (loss  of  amplitude)  in  the  takeover  by  the  Tollmien-Schlichting  waves. 


is  sufficiently  sma^f  for  the  stagnation  region  approximation  to  remain  valid,  lead- 


6d 


Experiments  on  Receptivity  of  Free  Shear  Layer:; 


The  preceding  picture  of  receptivity  of  free  separating  shear  layers  or  jets  is  fully  consistent 
with  the  various  available  tidbits  of  experimental  information.  Usinq  a movable  acoustic  "point  source", 
Paranjape^"*  demonstrated  rather  conclusively  that  the  reqion  of  sensitivity  is  near  the  lip  and  the 
separation  point.  By  measuring  a purposely  nonuniform  acoustic  field  in  and  near  the  nozzle  with  a "point 
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microphone"  in  absence  of  the  jet  and  by  analyzing  the  differences  in  (In-  respon  e of  the  two  separating 
shear  Layers  when  the  jet  was  on,  he  provided  evidence  that  the  amplitude  of  instability  waves  is  ptopor- 
tional  not  to  the  acoustic  pressure,  but  rather  to  its  qradient  near  the  separat  ion  jKiint.  — i .e . , to  the 
local  time  derivative  of  our  us . 

A dramatic  visual  evidence  of  the  localization  of  acoustic  receptivity  and  its  consequences  to 
various  aeroacoustic  feedback  phenomena  came  from  Poidervaart  and  fits  anrorker®^  . The  reader  is  urged 
to  look  up  the  easily  accessible  Plate  2 of  Kef.  10b  to  convince  himself  of  the  localization  of  the 
resqionse  in  the  two  shear  layers  of  a 2D  subsonic  jet  to  a compressive  sound  pulse,  made  visible  by  shadow 
photoqt  aphy . The  pulse  (and  it;.  w«*ak  compressive  reflection  from  the  exterior  of  the  norzle)  creates  vor  - 
ticity  at  the  nqht  lip,  which  amplifies  and  rolls  up  into  two  vortices  as  it  propaqat.es  downstream.  There 
is  no  evidence  of  vort icity  formation  other  than  at  the  lip.  The  pulse  runs  ahead  alonq  the  nqht  shear 
layer  (being  reflected  as  an  expansion  fan  in  consonance  with  qasdynamic  theory),  and  the  two  orphaned 
vortices  follow  at  their  slower  propaqation  speeds.  The  weak  transmitted  portion  of  the  pulse  also 
qenerat.es  a weaker  vortex  at  the  left  lip  of  the  nozzle.  For  qood  measure,  Poidervaart  ot  al  send  in 
another  compressive  pulse  in  short  succession:  more  vorticity  is  generated  ami  amplified  into  another  pail 
ot  vortices,  the  second  pulse  runs  far  ahead,  win  It'  the  two  sets  of  vortex  pairs  execute  a complicated 
nonsymmet i ic  fusion  dance  and  end  up  in  a single  biq  vortex.  Such  fusion  fields  correspond  to  aeroacoust ic 
generation  of  sound  which,  in  turn,  can  cause  vorticity  changes  at  the  lip,  some  of  which  are  identifiable 
in  the  various  visualizations.  Because  of  the  strength  of  the  pulses,  the  described  processes  have 
undoubtedly  transgressed  any  linear  behavior,  but  the  essential  physics  of  the  vorticity  induction  should 
be  t h*'  same . 


i >e  Ke  v.  • *p  t l v 1 1 y over  a Flat  Wa  l l 

It  is  useful  to  consider  what  differences  in  the  above  behavior  would  take  place  il)  it  the  shear 
layer  were  attached  to  a solid  wall,  and  (2)  it  additionally  the  speed  of  propagation  of  any  resulting 
amplified  vorticity  subfield  would  equal  that  of  t lie  foot  of  the  sound  pulse  (as  could  happen  in  a super- 
sonic boundary  layer  or  a supersonic  wall  jet).  From  Saxena's  example  in  section  bb  we  saw  that  the 
no-slip  condition  at  the  wall  was  the  dominant  instrument  for  induction  of  new  vorticity  by  the  unsteady 
velocity  at  the  edge  of  the  boundary  layer.  To  generate  rotational  vorticity  waves  of  lust  or  do  l from 
irrotat.ional  sound  waves  in  two  dimensions,  a differential  intervention  of  viscosity  is  needed- -at  a 
solid  boundary.  In  the  free  mixing  layer  or  jet  the  unsteady  vorticity  input  into  the  layers  sharply 
drops  past  tin*  separation  point  as  the  Kindhoven  film*11'  illustrates.  (See  also  section  oi.) 

Periodic  traveling  sound  waves  will  thus  induce  vorticity  all  along  a flat  wall.  For  frequency 
parameters  f y on  the  order  of  unity  or  higher,  the  forced  unsteady  vorticity  sublayer  will  be 
essentially  uniform:  a Stokes  wall  layei  traveling  with  the  sound  wave.  It  one  attempted  to  choose  an 
x()  for  the  T-S  upstream  boundary  conditions  in  order  to  link  this  forced  vorticity  field  to  the  Tollmien- 
Schlichtmq  waves  as  before,  what  about  the  continued  forcing  and  vorticity  induct  ion  downstream  of  xv’ 
Since  the  r.ound  waves  and  tin*  T-S  waves  propagate  at  different  speeds,  there  would  be  much  pi  us -minus 
cancellation  ot  effects  in  any  superposition  scheme  one  may  consider.  The  cumulative  effects  are  likely 
to  stem  from  relative  streamwise  changes  in  the  instability  characteristics  of  the  growing  boundary  layei 
and  in  the  forced  vorticity  field. 

In  the  corresponding  problem  of  excitation  of  T-S  waves  by  freest  ream  turbulence  at  small  Mach  num- 
bers Mack's  appl icat ion-or tented  method  for  predicting  transition^*  chooses  the  beginning  of  T-S  ampli- 
fication, x^.r , for  the  single  x^  T-S  takeover  point.  The  choice  of  this  special  point  may  be  effective, 
especially  in  absence  of  any  guiding  experimental  information.  But  the  fundamental  question  remains  as 
to  the  possibility  ot  distributed  seeding  of  decaying  T-S  waves  upstream  of  x,  and  especially  of  growing 
T-S  waves  downstream  of  x . Mack  was  probably  influenced  by  his  rathei  successful  experience''  in 
desciibing  the  growth  behavior  of  precritical  and  post,  or  i t ica  l boundary- 1 aye  t di  sturbances,  mapped  out 
experimentally  by  Kendall  at  supersonic  speeds.  (See  pp.  (.'•»-  1 t t of  Keshotko's  review'  for  detailed 
discussion  ot  this  instructive  forward  step  in  receptivity.) 

et  The  Supe rson i c evidence  of  Kendall  and  Mack 

At  supersonic  speeds  the  precritical  forced  response  is  a neutral  solution  of  Mack's  instability 
equations  evoked  by  traveling  oblique  Mach  waves  which  imping**  on  and  reflect  from  the  boundary  layer 
and  thus  simulate  aeons t ic  radiation  from  supersonic  turbulence  on  the  tunnel  sidewalls.  Kendall's  hot 
wire*;  had  revealed  tin*  existence  of  the  strong  precritical  boundary  layer  disturbances  (see  left  side  of 
Fig.  M)  , documented  their  .source  by  cross-correl.it  inq  their  signals  with  those  of  the  oncoming  freestream 
d l ••  t urb.mces , and  indicated  that  then  propagation  speed;;  shifted  to  nearly  that  of  the  T-S  waves  after 
t hey  acclimated  themselves  fully  to  the  boundary  layei.  This  last  feature  suggests  that  at  least  random 
disturbance.*,  which  posses.*;  subst  ant  i a 1 temporal  and  spatial  vai  iat  ions  can  be  partly  transformed  into  T-S 
wave..  it  is  this  act*  l ima t i /at  ion  or  linkage  process  which  is  crucial  in  understanding  receptivity,  and 
it  i*;  ironic  that  the  most  important  evidence  should  have  blossomed  forth  in  the  experimentally  inclement 
super  son ic  env I ronment ! 

Mack's  precrittcal  vort ici ty-density  response  field  travels  at  the  same  speed  as  tin*  external 
acoustic  field.  While  it  has  zero  rate  of  amplification  as  such,  the  res|xMise  first  grows  in  x a the 
boundary  layer  thickens  ami  then  diminishes.  Thus  for  a given  frequency  to  t he  capacity  of  the  external 
sound  to  disturb  the  profiles  of  the  thickening  boundary  layei  (with  a maximum  of  mass  fluctuation  in  the 
outer  half  of  the  layer)  apparent ly  increases  at  first  and  then  drops  off.  The  maximum  in  x of  the 
effectiveness  of  the  external  disturbance  is  rattier  flat  and  occurs  neat  tire  critical  position  for  the 
given  frequency.  Any  forced  disturbances  which  had  acclimated  themselves  earlier  and  became  decaying  T : 
modes  would  have  small  amplitudes  m comparison  with  the  local  forced  disturbance.  The  forced  di *;t ut bances 
that  would  transform  into  l • waves  downs! ream  of  the  critical  position  would  have  smaller  amplitudes 
than  those  acc  l im.it  i zed  just  at  x t ) , but  there  is  no  clearcut  reason  why  they  should  not  be  added 
ami  cumulated.  However,  these  diVVerent  T-S  cont r Ibut ions  are  not  likely  to  lx*  in  phase  because  of  tin 
randomness  of  the  oncoming  sound  and  because  of  differences  in  lags  associated  with  differences  in  di*. 
tance  from  the  effective  x of  acc l imat i /at  ion . Tin*  reader  can  judge  for  himself  from  ttie  right  side  of 
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Fiq.  8 how  Mack's  decision  to  use  the  single  imprinting  position,  xQ  - x ( co ) , and  to  disregard  any 
l>ostcr ltical  cumulation,  compares  with  Kendall's  experiments. 

6g  Low-Speed  Experiments  on  Acoustic  Receptivity? 

Returning  to  our  discussion  of  discrete  nonrandom  acoustic  disturbances  at  small  Mach  numbers,  we 
have  fewer  reasons  to  adopt  a single  takeover  point  xQ  = xcr(<o) . Nevertheless,  the  preceding  discussion 
of  supersonic  experience  suggests  a conceptual  framework  for  the  long  overdue  subsonic  microscopic  experi- 
ments on  acoustic  receptivity.  At  low  speeds  we  have  better  accessibility,  and  quantitative  correlations 
between  two  or  three  sensors  centered  around  xcr  should  help  to  clarify  the  picture.  Furthermore,  a 
quasi-two-dimensional  controlled  movable  source  (Paran jape^3)  should  again  minimize  reverberations  and 
make  the  acoustic  environment  much  easier  to  work  with  than  at  supersonic  speeds.  Subsonic  facilities  do 
possess  unwanted  resident  acoustic  disturbances  in  the  form  of  fan  noise  and  various  standing  and  duct 
waves,  but  one  should  be  able  to  avoid  their  interference  if  one  knows  about  them.  In  this  connection 
an  intriguing  clue  to  acoustic  receptivity  which  calls  for  explanation  was  furnished  by  Spangler  and 
Wells'  . They  have  evidence  that  their  laminar  boundary  layer  on  the  inside  of  a circular  duct  was  far 
less  receptive  to  standing  waves  than  to  traveling  waves  of  the  same  frequency.  However,  according  to 
Guideline  No.  4 of  USTSG,  section  lc,  the  effect  perhaps  ought  to  be  first  rechecked  experimentally. 

6h  Low-Speed  Receptivity  to  Turbulence 

For  sound  waves  at  low  speeds  the  unsteady  pressure  gradients  normal  to  the  wall  are  negligible  and 
the  response  functions  are  relatively  simple.  In  trying  to  describe  the  response  to  vortical  patterns 
and  turbulence,  we  had  better  allow  for  pressure  variations  in  y — i.e.,  use  the  Navier  Stokes  equations, 
linearized.  This  leads  to  the  Rogler-Reshotko1 * 3 neutral,  forced  solutions  of  a nonhomogeneous  Orr- 
Sommerfeld  equation,  a counterpart  of  Mack's  supersonic  neutral  solutions  discussed  in  section  6f.  At 
present  there  is  no  evidence  that  these  forced  disturbances,  satisfying  a linearized  equation,  could 
cause  transition  by  themselves.  On  the  contrary,  the  available  evidence  suggests  that  an  instability  pro- 
cess must  contribute  to  the  growth  of  the  fluctuations  to  some  10  - 18%  of  UQ  before  the  turbulence  can 
sustain  itself  in  the  form  of  a turbulent  spot,  or  a puff,  or  a slug  (section  5e) . It  follows  that  the 
issue  of  sections  6c  and  6e  faces  us  once  again:  how  can  at  least  part  of  the  energy  of  the  forced 
fluctuations  of  Rogler  and  Reshotko  be  transferred  to  the  free  Tol lmien-Schl icht ing  eigenmodes  or  other- 
wise couple  with  the  T-S  process?  Similar  questions  arise  with  respect  to  Criminale's  work. 

Some  fourteen  years  ago  Klebanoff114  was  doing  interesting  two-sensor  experiments  which  ran  out  of 
sustained  funding  and  remain  sadly  incomplete  and  unpublished.  One  of  his  findings  concerns  fluctuations 
upstream  of  the  critical  point  as  sensed  by  a fixed  hot  wire.  The  signal  indicated  a maximum  u'/Ug  (at 
about  y/£  = 0.5),  as  much  as  ten  times  the  freestream  value  at  the  edge  of  the  boundary  layer!  He  docu- 
mented that  these  fluctuations  were  primarily  due  to  random-modulated  low-frequency  thickening  and 
thinning  of  the  boundary  layer.  Considerations  of  quasi-steady  changes  in  thickness  of  a Rlasius  layer 
confirmed  to  him  that  the  wire  would  indeed  sense  large  u'  values  at  mid- thickness.  He  also  discovered 
that  the  random  undulations  of  the  boundary -layer  edge  increased  with  distance  from  the  leading  edge  of 
his  plate  and  had  some  Gaussian  properties. 

These  are,  of  course,  real-life  responses  to  free  stream  disturbances.  As  large  as  the  magnitude  of 
the  fluctuations  appears,  they  are  unlikely  to  feed  into  an  instability  process,  except  perhaps  as  modu- 
lators. A ten  percent  change  in  & corresponds  to  a 20%  change  in  effective  UQ.  If  such  changes  in  1!q 
did  actually  occur  locally,  they  would  cause  a great  deal  of  tuning  and  detuning  of  the  T-S  processes.  In 
particular  they  could  account  for  the  wave-packet  appearance-’7,7-’  of  T-S  waves  whenever  these  are  not 
artificially  stimulated.  T-S  waves  tend  to  form  wave  packets  of  4 - 0 waves,  which  correspond  to  patches 
of  40  - 90  boundary  layer  thicknesses.  The  cause  of  such  low-frequency,  larqe-area  breathing  of  the 
boundary  layer  remains  unclear,  and  it  should  be  instructive  to  find  how  this  phenomenon  would  vary  with 
purposeful  changes  in  freestream  turbulence.  Such  a study  could  give  us  a clue  as  to  the  conditions 
which  control  the  conversion  of  the  forced  oscillations  to  T-S  waves. 

6 i Can  We  Have  Resonance  at  Low  Speeds? 

Finally,  let  us  consider  question  (2)  of  section  6e:  "What  if  additionally  the  speed  of  propagation 
of  any  resulting  vorticity  subfield  would  equal  that  of  the  foot  of  the  sound  pulse?"  This  may  well  be 
happening  sporadically  in  some  supersonic  tunnels,  but  here  we  should  extend  the  question  to  forced 
responses  to  freestream  turbulence  which  travels  essentially  at  U^.  Intuitively  one  feels  that  the  plus- 
minus  cancellations  due  to  mismatch  in  propagation  (section  6e)  would  bo  replaced  by  a directly  cumulative 
effect,  the  attacker  keeping  in  step  with  the  victim,  so  to  speak.  Some  call  this  condition  resonant,  but 
ours  would  be  a special  case  of  resonance  because  past  x ^ our  system  is  weekly  but  increasingly  unstable. 

If  such  a condition  could  arise  it  would  not  be  easy  to  analyze.  One  can  obtain  guidance  from  the 
papers  of  Phillips**’  and  Stewart  and  Manton***’  on  the  generation  of  waves  by  turbulent  winds.  When  the 
wind  is  high  enough  there  are  two  skew  wave  directions  in  which  the  convective  speed  of  turbulence  iust 
matches  the  speed  of  gravity  waves  with  surface  tension.  According  to  Stewart  and  Manton : "The  resonant 
mechanism  as  described  by  Phillips  is  usually  credited  with  supplying  to  the  wafer  surface  an  initial 
disturbance"  which  can  be  enhanced  subsequently  by  other  (nonlinear)  mechanisms.  Stewart  and  Manton  argue 
that  Phillips'  ideas  should  be  phrased  in  terms  of  group  velocities  rathei  than  phase  velocities.  The 
point  here,  however,  is  that  the  energy  transfer  is  indeed  maximized.  Yet  gravity  waves  cor respond  to  a 
stable  situation;  the  already  heavy  mat he mat i os  would  get  heavier  for  our  weakly  unstable  system  for  which 
we  do  not  have  the  relatively  simple  transfer  function  of  Phillips  before  the  stochastic  aspects  are 
tackled. 

Can  such  "resonant"  conditions  take  place  in  subsonic  boundary  layers  .'  The  propagat  ion  speeds  v't 
amplified  T-S  waves  rise  above  40%  of  1!^  only  for  adverse  pit  s*«rt  gradietts  with  inflected  profiles  and 
higher  ycr»  Freestream  turbulence  propagates  with  in  the  r.  'an.  It  would  seem,  therefore,  that  some 
turbulence  would  have  to  be  ingested,  slowed  down  within  the  boundary  layer,  and  still  have  enough  energy 
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lett.  at  x to  seed  the  T-S  waves.  At  this  time  we  do  not  have  enough  information  to  judge  whether  this 
is  impossible  or  unlikely. 


6j  Prediction  and  Receptivity 

Since  receptivity  is  a relatively  new  concern  and  it  has  been  tackled  mostly  analytically,  the 
preceding  sections  have  brought  out  some  of  the  underlying  physical  considerations  as  I see  them.  In 
sections  6b  - 6e  I may  have  overemphasized  the  role  of  the  no-slip  boundary  condition.  Formal  perturba- 
tions  of  the  nonlinear  convective  terms  in  the  momentum  equations  will  yield  “generation  terms"  of  vor- 
ticity  in  and  along  any  shear  laver--e.g . , where  v is  any  normal  perturbation  velocity,  whether 

irrotational  or  vortical,  and  ^ the  local  time-mean  shear.  However,  as  noted  in  sections  6d  and  6e, 

the  vorticity  response  in  free-shear  layers  is  dominated  by  the  seeding  at  or  near  the  mean  separation  point 
and  the  x and  y integrated  effects  of  the  above  distributed  sources  are  not  ir.  evidence.  Furthermore,  the 
propagation  speed  of  the  forcing  perturbation  v does  not  match  that  of  the  free  0-S  solutions  and  the 
transfer  is  again  to  the  forced  solutions  of  the  nonhomogen eous  0-S  equations.  So  the  formal  identifica- 
tion of  these  distributed  source  terms  helps  little  with  the  main  difficulties  in  finding  the  link  to  free 
T-S  waves  discussed  in  preceding  sections.  The  picture  is  rather  confused.  One  thing  seems  clear,  however: 
we  need  clever  and  careful  experiments  and  sustained  funding  to  ensure  their  success. 

The  dearth  of  experimental  information  concerning  the  receptivity  to  free-stream  turbulence  makes  it 
possible  for  computer  programs  which  do  not  incorporate  any  T-S  mechanism  to  reproduce  the  known  data  even 
when  turbulence  is  known  to  feed  the  T-S  waves.  The  power  of  current  computer  programs  to  carry  out  sophis- 
ticated functional  interpolation  between  limited  number  of  data  points  (whether  the  programs  take  into 
account  the  multiple  relevant  mechanisms  or  not)  may  seduce  the  users  to  overtrust  the  information  even 
when  extrapolation  beyond  the  original  data  base  is  involved.  An  increasing  problem  for  the  user  is  that 
he  is  less  and  less  capable  of  verifying  the  programs  as  they  get  increasingly  complicated.  The  scarcity 
of  reliable  and  detailed  experimental  information  makes  the  task  of  discriminating  between  various  pre- 
dictive computer  techniques  even  more  difficult. 
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Effects  of  Free-Stream  Turbulence  at  Low  Speeds 


A still  valid  evaluation  of  the  status  of  the  low-speed  experimental  knowledge  of  transition  behav- 
ior with  free-stream  turbulence  and  pressure  gradients  was  presented  in  1972  by  Hall  and  Gibbings**8.  The 
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With  the  feel  for  the  experimental  evidence  (partly  their  own)  and  the  various  predictive  features, they 
summarized  the  key  data  and  proposed  a semi-empirical  best-bet  chart  of  their  own;  see  their  Fig.  7.  To 
be  able  to  use  the  charts  wisely  and  appreciate  possible  pitfalls,  the  reader  is  advised  to  follow  the 
preparatory  discussion  with  care.  For  balanced  perspective,  a study  of  Mack's  thoughtful  1977  approach 
(Section  IV  of  Ref.  112)  based  on  T-S  computations  is  recommended. 


61  The  Issue  of  "Sufficient  Evidence” 


The  flavor  of  Hall  and  Gibbing  's  evaluation  perhaps  had  best  be  gaged  by  some  direct  quotations: 
"Unfortunately,  transition  experiments  are  difficult  to  set  up,  principally  because  transition  is  sensitive 
to  changes  in  a large  number  of  variables  besides  the  dominating  factors  of  pressure  qradient  and  stream 
turbulence.  These  experimental  difficulties  result  in  an  undesirably  large  degree  of  scatter  in  the  results, 
even  when  collected  on  a single  apparatus.  This  makes  prediction  an  uncertain  matter  under  accurately 
specified  flow  conditions,  and  the  use  of  results  from  one  system  for  prediction  on  another  reduces  accu- 
racy even  further."  When  one  follows  their  careful  weighing  of  partially  contradictory  evidence  in  a two- 
parameter  prediction  space  and  thinks  of  the  additional  parameters  of  Mach  number,  wall  temperature  and 
roughness,  sweepback,  and  aeroacoustic  free-stream  disturbances,  one  begins  to  appreciate  what,  for  in- 
stance, the  transonic  designers  are  up  against  in  knowing  and  improving  the  properties  of  their  boundary 
layers.  And  perhaps  the  reasons  for  many  of  the  statements  in  Chapter  3 and  the  meaning  of  Table  I 
become  clearer.  Judgments  of  sufficient  evidence  for  a given  design  decision  or  for  the  validity  of  a 
theory  will  remain  very  tentative  for  decades,  judging  by  the  slow  rate  of  our  enlargement  of  the 
desirable  data  base.  And  here  again  USTSG  Guideline  No.  4 for  double  checks  needs  to  be  recalled--see 
section  lc. 


6m  Another  Historical  Lesson 


Perhaps  an  instructive  old  example  is  in  order,  involving  two  historical  figures  whom  the  writer 
deeply  admired  both  as  scientists  and  men.  In  1948,  Hj  L.  Dryden,  trying  for  perspective  on  the  broad 
1938  rejection  of  the  T-S  mechanism  as  relevant,  wrote  , "Transition  occurred  intermittently  and 
suddenly,  with  no  development  of  amplified  disturbances ...  Not  only  did  the  experimental  group  obtain  this 
negative  result;  their  experiments  confirmed  a theory  developed  by  G.  I.  Taylor**^7,  which  attributed 
transition  to  the  presence  of  free-stream  turbulence ...  For  ordinary  wind  tunnels  the  stream  turbulence 
usually  lies  in  the  range  0.2  to  1 percent.  In  these  wind  tunnels  the  turbulence  is  the  controlling 
factor  and  the  mechanism  is  that  of  the  Taylor  theory."  Turbulence  indeed  is  a strong  determinant  in 
such  flows,  but  the  mechanism  would  have  been  identified  as  T-S  coupled  had  adequate  spectral  analyzers 
been  available.7’  Hall  and  Gibbings’  charts**8  for  the  influence  of  turbulence  are  in  fact  T-S  conditioned, 
with  distinctly  different  behavior  in  favorable  and  adverse  pressure  gradients.  For  the  latter  they 
suggest  that  the  c‘*  criterion  for  transition  for  small  turbulence  is  overconservative,  a trend  which  they 
see  persisting  to  relatively  high  free-stream  turbulence. 

In  retrospect  there  was  not  sufficient  evidence  to  conclude  that  Taylor's  theory  and  mechanism  were 
confirm ed,  only  that  they  were  not  inconsistent  with  the  then  very  limited  data  base.  The  mechanism  postu- 
lated a local  separation  due  to  an  instantaneous  pressure  pulse  associated  with  turbulence.  Although  no 
one  has  documented  such  instantaneous  separation,  it  is  intriguing  that  several  of  the  secondary  instabili- 
ties observixi  just  before  turbulence  onset  (Refs.  28,  31-34)  seem  to  be  associated  with  instantaneous, 
nearly  stagnant  regions  near  the  wall  built  up  in  the  nonlinear  regimes  of  the  T-S  waves  or  of  the  GOrt ler 
upwolling.  Finally  we  should  note  that  a modified  rationale  leading  to  a Taylor-like  parameter  was  used 


with  apparent  success  by  Sternberg1' H in  analyzing  the  occurrences  of  new  transition  after  relaminari- 
zation  (Sternberg ' *;  discovery  in  1952)* 

7 THE  ROUGHNESS  ISSUE 

7 « i A basic  Experiment  on  Two-Dimensional  Ruug hness 

The  1967-1977  progress  in  clarifying  the*  mechanisms  by  which  roughness  promotes  transition  grew 
directly  out  ot  the  productive  Fiftiys.^  Most  of  the  earlier  results  were  ably  analyzed  and  summarized  by 
Tani  and  von  Doenhoff  and  Braslow  in  the  Lachmann  collection,  which  remains  the  point  of  departure 
for  anyone  interested  in  the  subject.  The  most  significant  recent  basic  contribution  to  our  understand- 
ing is  thay  of  Klebanoff  and  Tidstrom^,  who  improved  on  the  earlier  microscopic  hot-wire  findings  of  Tani 
and  Sato  . It  was  shown  unequivocally  that  placing  a , wo-d imens iona 1 roughness  element  of  height  k 
into  a slightly  unstable  flat-plate  boundary  layer  constitutes  a powerful  modifier  in  the  sense  of  Fig.  1, 
equivalent  to  a ser ies-inserted  broad-band  preamplifier.  The  roughness  does  not  generate  unsteady  distur- 
bances (as  is  often  incorrectly  stated)  but  provides  a local  redistribution  of  mean  vorticity  such  as 
documented  by  Klebanoff  and  Tidstrom  in  their  Figs,  II  and  1J  over  a series  of  unit  Reynolds  numbers. 

This  new  entity  amplifies  more  effectively  a broader  band  of  disturbances  already  present  in  the  layer 
( ;*•«■  Fig.  8 of  Morkovin7)  and  provides  for  "ingestion"  of  additional  disturbances  from  the  free  stream. 

(It  has  been  verified  at  IIT  that,  in  accordance  with  section  6d,  the  local  separation  regions  near  the 
roughness  make  the  modified  layer  much  more  receptive  to  acoustic  disturbances  and  one  would  surmise  also 
to  freestream  turbulence.) 


7b  Verification  of  Dominant  Mechanism  --  2D 

Klebanoff  and  Tidstrom  measured  the  spectral  development  of  the  disturbances  over  the  30k  - 40k 
long,  locally  separated  region  and  beyond,  to  the  onset  of  turbulence  wherever  it  occurred.  Fully  cognizant 
that  parallel-flow  stability  theory  has  to  be  inaccurate  for  the  rapidly  changing  profiles  near  the 
roughness,  K-T  never theless  compared  amplification  rates  measured  over  the  rear  separated  region  for  three 
frequencies  with  estimates  based  on  the  (frictionless)  charts  of  Pretsch  (NACA  T.M.  No.  1343,  1952).  The 
agreement  was  so  much  "better  than  might  have  been  expected"  that  K-T  caution  the^reader  not  to  make 
inferences  with  respect  to  the  validity  of  Pretsch's  calculations.  H.  Obremski* computed  properties 
for  several  of  the  K-T  measured  profiles  with  the  aid  of  the  Kaplan-Landahl  MIT  program  and  found  differ- 
ences on  the  order  of  25%.  Such  scatter  in  no  way  influences  the  important  conclusion  that  the  phenomenon 
is  stability  controlled. 

K-T  further  demonstrated  that  as  long  as  the  unsteady  disturbances  remained  below  about  1%  of  the 
freestream  speed,  the  mechanism  was  indeed  that  of  Tol lmien-Schlichting . They  devised  a clever  experi- 
mental nond imens ional  self-consistency  check,  which  also  brought  out  the  dominance  of  k/^*  (5*  = displace- 

ment thickness)  as  a parameter . Selecting  further  a series  of  experimental  conditions  to  yield  the  same 
k/£*,  they  also  showed  that  the  shape  factor  H (the  single  factor  most  indicative  of  the  degree  of  insta- 
bility) is  then  a very  slow  function  of  Uk/v  , the  viscous  parameter.  This  and  the  fact  that  amplifica- 
tion rates  of  inflectional  profiles  (which  dominate  the  effect) are  also  weakly  dependent  on  Reynolds  num- 
ber provide  the  reasons  behind  the  substantial  success  of  correlations  based  on  k/£*;  see  Tani  The 

amplification  rates  of  inflected  and  separated  profiles  decrease  substantially  with  respect  to  those  of 
attached  profiles  as  Mach  number  increases  (p.  15  and  Fig.  6 of  Morkovin“) . This  fact  and  the  low-speed 
evidence  of  Klebanoff  and  Tidstrom  are  thus  consistent  with  the  known  loss  of  effectiveness  of  two- 
dimensional  trippers  at  supersonic  speeds,  a bonus  of  understanding  through  mechanisms. 

7 c Some  Implied t ions 
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Two-dimensional  protuberances , planned  or  accidental*  , thus  have  to  be  extremely  small  not  to  have 
any  influence  on  transition.  Even  when  all  the  frequencies,  which  had  amplified  locally  in  the  separated 
teqions,  decay  in  the  reattached  boundary  layer,  the  protuberances  thicken  the  boundary  layer  through  its 
incremental  momentum  loss  (its  drag),  thus  making  it  more  unstable.  The  Reynolds  number  based  on  the 
momentum  thickness  0,  Re^  , obviously  is  increased.  By  the  nature  of  the  equations,  both  the  steady  and 
unsteady  modifications  cause  downstream  effects  to  reckon  with,  even  if  one  disregards  the  change  of 
receptivity  near  the  roughness.  The  concept  of  a single  critical  Reynolds  number,  Rc^  = uKk/^  (where 
is  the  velocity  of  the  undisturbed  layer  at  height  k,  there  being  no  velocity  overshoots  in  presence  of 
the  roughness 4*’)  below  which  there  is  no  effect  on  transition  and  above  which  transition  jumps  to  the  near 
wake  of  the  element,  is  incompatible  with  the  evidence  concerning  the  dominant  mechanism.  Nevertheless 
practical  criteria,  such  as  that  for  suitably -def ined  "tolerable  roughness"  may  profit  from  the  usage  of  a 
modified  limiting  Re^ ; see  Gibbings  and  Hall1 

7d  Wall  Wav i ness  and  Freestream  Unsteadiness 

One  can  speculate  that  wall  waviness,  another  modifier  in  the  sense  of  Fig.  1,  should  work  similarly: 
through  the  integrated  effects  of  changes  in  the  amplification  properties  and  in  the  thickness  of  the 
boundary  layer.  The  modifications  in  these  properties  may  be  nonlinear  and  nonsuperposablo,  as  for  the 
K-T  profiles,  but  the  important  mechanism  is  likely  to  be  that  of  linear  instability,  at  least  qualita- 
tively, for  a wide  range  of  parameters.  A definite  illuminating  experiment,  such  as  that  of  Klebanoff 
and  Tidstrom,  which  would  also  clarify  the  range  of  validity  of  the  hypothesis  is  yet  to  be  performed. 


The  tracing  of  amplifications  along  paths  of  T-S  wave  packets  in  the  case  of  harmonic  oscillations 
of  up  to  about  20%  of  the  freestream  speed  confirmed  a similar  "local  validity"  of  the  T-S  mechanism 
and  disclosed  some  surprising,  otherwise  unexplainable  consequences  for  unsteady  flows;  see  Loehrke  et  al 
One  can  speculate  also  that  when  the  time  scales  of  changes  in  the  free  stream  are  long  enough  with  res- 
pect to  the  time  scales  of  T-S  waves,  the  mean  flow  changes  need  not  be  periodic  to  be  at  least  qualita- 
tively understandable  in  terms  of  the  patterns  described  in  Loehrke  et  al.  In  particular,  one  aspect  of 
receptivity  to  low  freestream  turbulence  in  good  wind  tunnels  (where  turbulence  in  the'  test  section 
has  little  energy  left  in  spectral  regions  commensurate  to  the  boundary  layer  scales)  may  be  conditioned 
by  irregular  low-frequency  large-scale  decelerations  of  the  boundary  layer,  with  consequent  irregular 
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boundary -layer  thickening  and  appearance  of  T-S  oscillations  in  form  of  wave  packets.  A wave  packet  of 
7 to  9 T-S  waves  corresponds  approximately  to  a length  of  56  to  72  boundary  layer  £'s.  P.  Klebanoff  and 
A.  Favre  have  observed  such  irregular  low-frequency  thickening  of  boundary  layers.  (These  can  give  a 
falsely  high  signal  on  a hot  wire  which  is  held  fixed  relative  to  the  shifting  near-Blasius  velocity 
profiles.  This  occurs  even  where  the  boundary  layer  is  s table--i . e . , upstream  of  the  genesis  of  the  T-S 
wave  packets.) 


7 e Isolated  Three-Dimensional  Roughness 
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In  connection  with  his  1961  analysis  of  extensive  3D  data  Tani  described  the  "quick  movement"  of 
transition  toward  the  roughness  element  as  the  free  stream  speed  increased  in  a narrow  range.  He  added 
that  this  "seems  to  distinguish  the  effect  of  three  dimensional  roughness  from  that  of  two-dimensional 
roughness".  The  reasons  for  this  difference  have  now  fairly  we|l ru^dgr stood  as  a result  of  ^u^se- 


quent  hot-wire  and  visualization  efforts  of  Tani 
of  extensive  unpublished  explorations  at  I IT. 


et  al 


Mochizuki 


G.R.  Hall 


Norman 


and 


The  key  is  the  nature  of  the  mod if ier  at  the  Reynolds  numbers  of  interest:  due  to  the  side  flow 
the  mean  separation  length  is  short , 3k  to  8k,  depending  primarily  on  the  height  to  width  ratio  for  the 
squat  protuberances  used.  This  modified  vorticity  nevertheless  represents  a powerful  amplifier,  a fact 
which  was  not  given  its  proper  weight  until  fully  revealed  by  smoke  visualization.  The  frequencies  which 
are  amplified  here  are  thus  similar  to  the  high  frequencies  amplified  very  near  the  obstacle  in  the  K-T 
2D  experiments.  The  K-T  high  frequencies  were  damped  farther  downstream,  especially  in  the  reattached 
layers  and  did  not  contribute  to  the  movement  of  transition  except  when  transition  occurred  near  the 
element . 


The  second  crucial  distinguishing  feature  of  the  3D  separated  thin  shear  layer  is  its  narrowness. 

Once  the  periodic  instability  of  this  shear  layer  commences  it  leads  rapidly  to  nonlinear  rolled  up  vortex 
loops  which  are  lifted  up  toward  the  edge  of  the  boundary  layer  as  they  march  downstream,  fluctuation 

levels  of  4 to  5%  of  freestream  U were  measured  in  many  configurations  at  IIT  without  causing  the  quick 
movement  of  transition  toward  the  protuberance  described  by  Tani!  In  a sense  the  reattached  boundary  layer 
was  not  receptive  to  these  extraneous  vortical  entities  even  though  they  gave  rise  to  much  more  intense 
fluctuations  than  the  critical  0.01U  fluctuations  of  Klebanoff  and  Tidstrom. 


7f  The  Mechanisms  of  Breakdown  --  3D 


Once  the  u fluctuation  exceeded  an  apparent  threshold  of  0.04U  to  0.05U  because  of  increased  U, 
increased  k,  or  increased  freestream  disturbances  (particularly  acoustic  ones) , a slow  growth  of  low 
frequency  fluctuations  in  the  inner  third  of  the  boundary  layer  ensued.  It  would  lead  ultimately  to  forma- 
tion of  intermittent  turbulent  spots  at  distances  comparable  to  those  in  Tani's  data  collection.  Where 
did  those  low  frequencies  come  from?  Did  they  bqar  any  conceptual  relationship  to  the  three-dimensional 
T-S  wave  packets  described  by  Caster  and  Grant‘d  for  their  localized  three-dimensional  excitations? 


In  1969  this  writer  conjectured  that  because  of  their  formation  these  rat^gr  intense  disturbances 
had  more  favorable  phase  relationships  than  Elder's  spark-generated  intensities1  and  could  therefore 
activate  the  ’S  v*  vorticity  production  in  the  equation  for  the  vorticity  (section  2e)  at  lower 
levels.  Turbulent  spots  could  then  be  generated  directly  without  any  additional  secondary  linear  insta- 
bility at  levels  below  those  of  (0.18  ± 0.25)U  cited  by  Elder.  Norman's  thesis107  (see  section  6a) 

suggests  strongly  that  the  low  frequencies  mentioned  above  may  well  be  T-S  connected.  Norman  used  simul- 
taneous sound  excitation  at  two  distinct  frequencies  designed  so  that  the  difference  signal  f2“^i  (which 
is  invariably  generated  in  the  nonlinear  instability  region  of  the  locally  separated  shear  layer;  see  also 
Miksad^ *)  would  fall  in  the  excitable  T-S  range.  Norman  found  that  the  subsequent  growth  of  the  f2“^l 
fluctuations  was  also  T-S  like.  The  phenomenon  existed  as  well  when  there  was  a single  pure  excitation 
frequency  and  a nearly  random  acoustic  field  caused  by  the  bearings  in  an  ancient  fan  motor.  Whether  this 
peculiar  secondary  nonlinear  excitation  can  be  and  is  generally  responsible  for  the  generation  of  the  ampli- 
fied low  frequencies  near  the  wall  when  only  the  natural  frequency  of  the  separated  shear  layer  down- 
stream of  the  protuberance  and  nonacoustic  freestream  turbulence  are  present, is  a matter  of  conjecture  at 
this  stage.  One  sees  no  a priori  reasons  why  the  effect  could  not  be  rather  general. 


7 g Contrast  between  2D  and  3D  Mechanisms 


To  recapitulate  the  contrast:  when  a 2D  modifier  amplifies  the  "received"  disturbances  beyond  0.011, 
transition  is  unavoidable  within  a short  distance.  For  a 3D  modifier  the  amplified  disturbances  reach 
truly  nonlinear  levels  of  0.04U  or  higher  without  influencing  the  transition  location  practically,  because 
(1)  the  vortex  loop  lift-up  limits  the  region  of  interaction  with  the  inner  sensitive  layer  of  the 
reattached  boundary  layer  physically  to  short  distances,  and  (2)  the  short  separated  region  selectively 
amplifies  only  a band  of  higher  frequencies  which  are  unpalatable  to  the  reattached  layer  directly.  This 
previously  undocumented  nonlinearity  does  not  cause  a runaway  toward  transition  as  in  the  2D  cases  of 
Klebanoff  and  Tidstrom.  However  it  brings  about  a probably  rather  inefficient  transfer  of  energy  to 
lower  frequencies,  in  particular  by  "nonlinear  differencing"^  between  whatever  frequencies  are  present  in 
the  amplified  band.  In  the  Norman  experiment107  of  two  clean  dominant  frequencies  the  difference  fre- 
quency could  be  clearly  identified  as  growing  slowly  but  exponentially  in  the  reattached  non-2p  boundary 
layer  in  a T-S  like  manner.  Transition  behavior  induced  through  the  indirect  mechanism  depends  sensitively 
on  the  enhancement  of  receptivities  by  the  roughness  and  by  the  particular  mix  of  frequencies  and  ampli- 
tudes that  are  available  and  "received". 


For  higher  Reynolds  numbers  and  larger  disturbances  the  process  may  or  may  not  bypass  the  difference- 
excited  T-S  path.  For  lower  Reynolds  numbers,  Tani,  Komoda,  Komatsu  and  Iuchi1'4  demonstrated  convincingly 
how  in  absence  of  the  Norman  path  the  direct  T-S  path  is  enhanced  by  the  steady  effects  of  the  3D  rough- 
ness. Even  far  downstream,  three-dimensionality  of  the  protuberance  brings  about  strongly  localized 
effects  in  the  spanwise  redistribution  of  the  thickness  of  the  essentially  Blasius  boundary  layer.  In  t lie 
example  studied  in  detail  by  Tani  et  al,  the  displacement-thickness  Reynolds  number  R«^*  varied  from  700 
to  920  in  a spanwise  distance  of  about  two  boundary- layer  thicknesses.  Using  a vibrating  ribbon  for  a 
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controlled  exeitor,  they  showed  that  this  three-dimensionality  is  lmiortant  to  spanwise  transfer  and 
local  accumulation  of  disturbance  energy  in  the  nonlinear  stage  of  the  T-S  growth.  Consequently  local 
breakdown  intensities  are  reached  earlier  at  the  edge  of  steady  wakes  of  even  very  small  protuberances 
than  in  pristine  und ist urbed  layers.  Knicks  and  nonuniformities  m leading  edges  cause  similar  local 
spanwise  corrugations  of  mean  boundary  layers  and  facilitate  earlier  than  normal  breakdown, 
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It  is  noteworthy  that  for  the  20  roughness  of  Klebanoff  and  Tidstrom  the  boundary  layer  was  two 
dimensional  upstream  of  the  element  within  the  accuracy  of  careful  measurements  and  yet  significant  span- 
wise  variations  of  the  fluctuation  velocity  t:rins  were  observed  over  the  rear-facing  separated  region. 

Thus  it  appears  that  even  carefully  installed  2D  objects  which  generate  (especially  adverse) 

enhance  three-dimensionality  of  amplified  disturbances . This  three-dimensional ity  again  hastens  transition. 

7h  Add 1 1 iona  1 1 : f f ec t s a nd  Prac t i ca  1 Kocour 

In  his  1972  assessment  of  the  roughness  effects.  Tani*1'  comments  that  the  additional  influences  of 
pressure  gradients  and  freest ream  turbulence  on  transition  (and  we  might  add  sound)  are  inadequately 
understood.  It  seems  plausible  that  the  microscopic  picture  presented  m this  Chapter  concerning  the 
receptivity  and  amplification  characteristics  of  the  local  mod if lers-ampl if iers  can  serve  as  a springboard 
for  design  of  systematic  experiments  which  should  advance  tin;;  understanding  substantially.  In  the  light  of 
the  new  findings,  unguided  collection  of  data  and  correlations  without  regard  for  the  spectral  nature  of 
the  phenomena  are  unlikely  to  be  of  much  use.  Similarly  computer  prediction  techniques  purporting  to 
include  roughness  effects  would  have  to  do  more  than  assume  injection  of  "equivalent*'  disturbance  inten- 
sities to  be  credible. 

For  design  purjx>sos  at  incompressible  speeds  the  1 hree -dimens lonal  toughness  may  perhaps  be 
character i zed  well  enough  by  the  single  critical  Reynolds  number  Rej^t*  at  which  transition  moves  to  the 
near  wnke  of  the  element,  see  Fig.  12  of  Tam*-**.  For  roughness  of  known  height  k one  can  then  expect 
the  narrow-range  behavior  described  here  to  be  centered  on  the  critical  condition.  At  high,  especially 
supersonic  speeds,  the  difficulties  in  obtaining  microscopic  information  are  likely  to  keep  any  modeling 
speculative  and  macroscopical ly  empirical. 

7i  The  1'*  oblems  of  Distributed  Roughness 

The  term  "distributed  roughness"  refers  generally  to  a collection  of  ID  protuberances  with  some 
•.tatistical  distribution  of  heights  k and  protuberance  density  m the  x,z  surface.  Many  researchers 

believe  that  the  largest  elements  will  govern  the  onset  of  transition  in  a pattern  similar  to  that  des- 
cribed here  for  single  3d  roughness.  This  seems  plausible  in  view  of  Norman's  picture:  the  high  fre- 
quency amplification  over  the  short  separated  regions  attached  to  the  largest  protuberances  could  well  be* 
modified  but  not  qualitatively  changed  by  the  presence  of  neighboring  smaller  elements  except  in  extreme 
One  an  visualize  densities  and  geometries  with  both  enhancing  and  damping  interference  factoid. 

And  since,  as  with  bad  apples,  it  takes  only  a few  seeds  of  turbulent 
the  use  of  a critical  Ro^t  seems  to  offer  a sensible  practical  course 

Nevertheless  we  should  not  delude  ourselves  that  the  basic  understanding  is  at  hand  and  that  no 
further  surprises  are  in  store.  The  problem  remains  essentially  of  the  bypass  type  where  analysis  and 
computers  have  been  of  little  help.  Singh  and  Lum ley's  1971  spectral  analysis*-^*  of  the  flow  over  a 
rough  surface  is  restricted  to  precritical  conditions  and  yields  a mean  velocity  profile  with  an  inflection 
point  which,  however , buried  deep  in  the  inner  viscous  region  and  will  not  contribute  to  ins  tab  i l i ty " . 

Merkle,  Kubota  and  Ko  ‘ also  tried  to  two-dimens  ionalize  the  model  by  replacing  the  disturbed  flow  near 
and  around  the  distributed  roughness  shapes  with  an  eddy-viscos i ty  sublayer  patched  on  to  the  ordinary- 
viscosity  layer  for  both  mean  velocity  profile  and  0-S  computations.  They  claim  reasonable  agreement 
with  past  experiments  but  call  for  microscopic  experimental  verification  of  the  mechanisms  in  the  proximity 
of  the  distributed  roughness  (not  downstream  .is  in  the  past). 

It  would  seem  desirable  to  settle  early  the  practical  limitations,  it  any,  on  the  concept  of  domi- 
nance of  transition  onset  by  the  largest  roughness  elements  in  the  distribution  and  on  the  usage  of  the 
associated  Re^t  criteria.  This  concept  and  the  model  of  Merkle  et  al  do  not  appear  to  be  compatible.  The 
implications  of  limited  hot-wire  information* for  the  case  of  relatively  sparse  distributed  roughness 
are  that  the  spanwise  density  of  turbulent  spot  seeding  is  increased.  According  to  recent  thinking--e.g . , 
Coles  and  Barker  * ‘*  '--the  interaction  between  growing  turbulent  spots  should  influence  not  only  the  latter 
part  of  the  transition  region,  but  also  the  developed  turbulent  boundary  layet  itself.  Kxpex  imental  study 
of  the  development  of  turbulent  spots  over  a surface  with  distributed  roughness  would  then  hold  both 
basic  and  applied  interest. 

In  a design  situation  the  roughness  information  is  very  crude  or  not  available.  Roughness  also 
increases  with  t lie  age  of  the  prototype.  A designer  is  thus  faced,  vis-a-vis  roughness,  with  the  issues 
discussed  in  sect  ions  2g , 2 i , hi  and  M.  Aerodynamic  ists  testing  models  in  cryogenic  wind  tunnels  may 
face  similar  difficulties. 

7 j O-S  Subcritical  Transition 

In  his  l‘*73  review  Tani  also  included  a revised  correlation  of  Re^  for  3D  protuberances  placed  in 
various  pressure  gradients.  This  correlation  is  reproduced  here  as  Fig.  a with  arrows  indicat ing  the 
displacement  Reynolds  numbers  at  which  infinitesimal  disturbances  begin  to  amplify  according  to  parallel 
flow  theory***  for  zero  and  2D  stagnation-region  pressure  gradients,  500  and  12600,  respectively.  Tins 
figure,  and  its  unavailable  companion  with  Re^  as  absissa,are  of  interest  with  respect  to  the  issues  of 
O-S  subcritical  transition  and  of  minimum  Re # at  which  turbulence  can  sustain  itself  in  boundary  layers, 
Schnbauer  and  Klebanoff*^  and  Klebanoff  et  al*‘***  concluded  that  the  spreading  of  spark-generated  turbu- 
lent spots  and  of  wakes  of  3D  single  roughness  elements  in  zero  pressure  gradients  O 

was  not  truly  turbulent  below  Reg*  of  480.  It  could  be  argued  that  non-parallel  0-S  theory  indicate:; 
amp  l if  ic.it  ion  from  Ke^*  — 4 00  for  A * 0,  and  that  the  Moehizuki  data  points  ^ be  1 ow  Ro^*  of  5 00  in  Fig.  *> 
also  do  not  exhibit  clear-cut  turbulent  spreading.  If  so,  turbulence  onset  and  spreading  on  flat  plates 
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would  bo  all  O-S  supercritical.  Schubauer  and  Klebanoff  commented  that  the  agreement  with  stability 
theory  "may  be  I'aitly  fortuitous".  However,  the  belief  grew  that  the  raj  id  damping  shown  by  linear  theory 
below  O-S  critical  conditions  was  associated  in  some  way  with  the  quenching  of  nonlinear  turbulent 
phenomena  as  well. 

Linear  theory  predicts  rapid  increase  m neutral  Re£*  values  in  accelerated  flow:,,  A*  > O . n tn« 
other  hand,  Tam's  collection  of  experiments  corresponding  to  the  solid  symbols  in  Fig.  9 documents  tur- 
bulence formation  at  substantially  subcritical  conditions4  ’ , in  sharp  contrast  to  the  above  belief. 

This  brings  us  back  to  the  practically  dangerous  problems  of  bypasses  discussed  in  section  2f.  The 
interesting  feature  of  the  solid-symbol  data  in  Fig.  9 is  that  they  are  completely  consistent  with  the 
correlation  of  (Ux/v)  t vs.  Rejct  by  Tani*^  for  isolated  3D  roughness  previously  mentioned.  Rather , the 
discrepancy  is  with  respect  to  tacit  generalizations  of  the  conditions  observed  for  zero  pressure  gradients 
by  Schubauer  and  Klebanoff. 

If  the  analysis  of  reentry  flight  data  on  blunt  heat-sink  noses  of  Murphy  and  Rubesin4*-*  were 
expressed  in  terms  of  the  coordinates  of  Fig.  9,  it  would  indicate  subcriticality  for  many  conditions.  It 
is  with  respect  to  these  flight  tests  that,  the  designation  of  the  "blunt -body  paradox"  was  coined  and 
IXmaldson's  provocative  quotation  in  section  2f  written.  Murphy  and  Rubesin4*  inferred  Re©  >f  transition 
in  the  range  of  100-200  from  computations  of  laminar  boundary  layers.  Ro©  of  the  self-sustaining  t urbn- 
lent  layer  (in  the  form  of  early  spots  or  wedges)  would  be  larger  by  associated  with  drag  incre- 

ments over  the  short  intervening  distances,  including  the  drag  of  any  tripping  device  or  inadvertent 
roughness . 

7k  Minimum  Re©  for  Self -Sus ta ining  Turbulence 

F'reston*4,  proposed  a minimum  Re©  of  320  for  a self-sustaining  turbulent  layer  on  a flat  plate  on 
the  basis  of  extrapolations  of  pipe  information  to  low  Reynolds  number.  Coles*4*®  considered  320  too  low 
and  remained  unconvinced  that  "turbulent  flow  may  have  been  observed  at  Re©  as  small  as  290..."  because  of 
the  "indirect  evidence".  His  important  observation,  "The  main  difficulty  in  the  case  of  boundary-layer 
flow  is  that  the  inherent  increase  in  Reynolds  numbers  with  distance  may  act  to  convert  a temporary, 
abnormal  response  to  a strong  disturbance  into  a permanent  one,"  has  to  be  heeded  by  all  who  analyze 
macroscopic  transition  information  and  may  well  explain  the  differences  between  estimates  of  the  R«  © 
minimum.  For  flat  plates  0-s  critical  laminar  Re©  values  are  193  (parallel  theory)  and  154  (nonparallel 
theory)  so  that  a substantial  incremental  drag  would  be  required  to  reach  Preston’s  criterion  or  highei 
values.  This  provides  a different,  essentially  nonlinear  rationale  for  the  aforementioned  flat-plate 
observations  of  Schubauer  and  Klebanoff.  Having  no  Preston-like  estimates  for  the  minimum  turbulent  ko© 
of  accelerated  (and  cooled)  boundary  layers,  we  lack  any  framework  in  terms  of  which  we  could  interpret 
the  low  Re©  values  in  the  early  transition  on  blunt  bodies.  From  the  viewpoint  of  linear  stability 
theory  this  early  transition  remains  a bypass. 

8 CONCLUDING  REMARKS 

In  tins  compact  report  the  writer  attempted  to  facilitate  the  task  outlined  foi  the  present 
Conference  by  the  AGARD  Fluid  Dynamics  Panel,  namely  to  "review  the  progress  achieved  during  the  last  ton 
years  and  to  bring  to  light  the  still  unsolved  problems".  It  would  be  gratifying  if  the  report  could 
serve  as  a backdrop  and  connective  link  for  new  research  ideas  and  efforts  to  tackle  the  numerous 
"unsolved  problems"  touched  upon.  Needless  to  say,  the  writer  gained  much  additional  perspective  on 
transition  research  and  information  utilization  through  months  of  preparatory  study  and  hopes  that  the 
report  conveys  some  of  this  perspective. 

It  is  rather  clear  that  the  existing  experimental  data  base  is  inadequate  for  providing  a 
consistent  framework  of  understanding  which  is  needed  in  technolog ical  appl icat ions . The  sensitivity  of 
transition  to  a large  number  of  parameters,  which  are  hard  to  characterize  and  control,  endows  the  field 
with  a peculiar  nature.  Much  of  the  past  information  is  "macroscopic"--i . e . , without  detailed  flow 
information  which  would  clarify  the  many  competing  mechanisms.  This  macroscopic  evidence  as  well  as  the 
necessarily  simplified  theoretical  modeling  often  point  to  contradictory  conclusions. 

It  has  recently  become  recognized  that  cooperative  efforts  are  needed  to  add  to  out  fragmentary 
understanding  and  to  resolve  the  many  existing  contradictions  (section  lc) . The  U.S.  Transition  Study 
Group  and  the  Eurovise  Working  Party  on  Transition  made  possible  substantial  discussion  of  selected 
priority  issues  and  provided  channels  for  deeper  communicat ion  among  researchers  interested  in  related 
problems.  However,  as  voluntary  groupings  of  interested  individuals,  they  exert  influence  only  through 
persuasion  of  the  public  at  large  and  of  the  internal  funding  officers  within  their  own  organizat ion  s . 

The  desirable  coordinated  experimental  and  theoretical  programs  will  be  sophist  ic.it ed  and  relatively  ex  pen 
sive.  It  is  unclear  where  sus ta ined  funding  required  for  any  successful  coordinated  basic  ■ loi i could 
come  fr».*n.  Whatever  funding  becomes  available,  careful  scrutiny  of  research  priorities  seen-  to  be  .ailed 
for  in  view  of  the  magnitude  and  the  nature  of  the  problem  described  in  Chaptet s 11  and  111. 

Chapters  IV  through  VI 1 report  on  the  more  recent  progress  in  transition  undei standing  in  foui 
problem  areas  of  long  standing:  the  two-dimensional  channel  flow,  the  flow  in  circulai  pipe:;,  the  impact 
of  turbulent  and  acoustic  freostroam  disturbances,  and  the  impact  of  wall  roughness . The  original  issues, 
their  partial  resolution,  the  remaining  major  questions  and  possible  follow-up  eft  'its  are  discussed  m 
the  light  of  the  functional  description  of  the  transition  process  in  Fig.  1. 

It  i3  interesting  to  note  that  in  these  four  areas  invariably  the  important  steps  forwaid  in  the 
last  decade  were  associated  with  careful  experiments,  largely  microscopic,  and  with  then  subsequent 
interpretation  and  modeling.  With  a few  exceptions  these  experiments  were  not  planned  by  a committee, 
but  many  benefited  from  critical  discussions  by  cooperating  or  interested  specialists. 

Lists  of  transition  problems  appear  larger  than  the  lists  of  qualified  researchers  and  can  be  found 
in  the  report  and  in  the  cited  references.  It  would  seem  wise  to  heed  the  above  lesson  of  the  last  decade 
or  two  and  perhaps  improve  on  it  by  oncourag inq  has io  microscopic  experimental ion  so  as  to  both  on l at  go 
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14.  Abstract 


Contained  herein  is  a concise  state-of-the-art  review  and  perspective  on  the  phenomenon  of 
transition  which  constituted  the  “Opening  Address*'  at  the  Fluid  Dynamics  Panel 
Symposium  on  “Laminar-Turbulent  Transition*'  f AGARD-CP-224J, held  in  Lyngby, 
Denmark,  2 4 May  1477.  -Various  instability  mechanisms  leading  to  transition  aa- 
proposed  and  discussed.  A valuable  insight  is  provided  based  on  existing  experimental 
evidence  and  postulated  flow  structures.  Critical  questions  are  asked  a-lating  to  the 
conceptual  foundations  on  which  much  of  the  transitional  effort  is  based.  To  enhance  our 
understanding  of  the  basic  mechanisms  and  processes,  detailed  microscopic  experiments  are 
encouraged  to  increase  the  data  base. 
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